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Abstract 
Chapter 1 introduces the concept of optical sensing and describes the operation of a 
molecular-base optical sensor along with its characterising parameters. The photophysical 
properties and the principal sensing mechanisms of transition metal-based optical sensors 
are herein explained with detailed examples. 
Chapter 2 describes the past developments in the field of optical detection of sulfur 
dioxide. Successively, the synthesis and characterisation of a series of 5-coordinate 
ruthenium complexes and the preliminary studies on their use for the optical detection of 
sulfur dioxide are described. The reactivity of the complexes towards sulfur dioxide is also 
investigated. 
Chapter 3 provides an overview on the chromo-fluorogenic detection of carbon monoxide 
in air. The synthesis and characterisation of two series of ruthenium and osmium 
complexes are reported, together with the results of their use as chromo-fluorogenic 
sensors for carbon monoxide. The mechanism of sensing, as well as the investigation on 
the sensitivity and selectivity of these sensors, are discussed and compared. 
In Chapter 4, the new developments on the detection of carbon monoxide in biological 
systems are described. The optical sensors described in Chapter 3 are herein adapted in 
order to be employed in aqueous systems. The synthesis, characterisation and the sensing 
properties of the resulting metal complexes are reported. The cellular viability and 
preliminary results on the sensing response of two ruthenium complexes internalised in 
HeLa cells are also reported. Alternatively to the molecular-based systems previously 
discussed, a sensing system based on the functionalisation of a novel ruthenium probe on 
the surface of gold nanoparticles is also investigated. 
Experimental details related to the synthesis, characterisation and photophysical studies of 
the compounds in Chapters 2 to 4 are detailed in Chapter 5. 
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1.1  Background: what is a sensor? 
In its broadest definition, a sensor is something that “senses” and translates 
information into a perceptible and quantitative response. In 1991, IUPAC defined the concept 
of a chemical sensor as 'a device that transforms chemical information, ranging from the 
concentration of a specific sample component to total composition analysis, into an 
analytically useful signal’.1 
In order to detect this 'analytically useful signal', the use of a chemical sensor 
(chemosensor or probe) is often coupled with the use of an 'analyser' which is a suitable 
electronic instrument provided with highly sensitive detectors and software. This is the case, 
for example, when detecting the signal of a fluorescent probe by means of a 
spectrofluorimeter. In general, the combination of chemosensor and analyser can be referred 
to as 'sensor system', since both chemosensor and analyser are complementary in generating, 
detecting and processing the signal. 
The past two decades have seen the rapid growth of the chemosensing field, in 
response to the increasing demand for probes for use in food safety,
2
 environmental analysis,
3
 
warfare agent detection,
4
 toxicology,
5
 medical imaging
6
 and biochemical research.
7
 In 
particular, the inception of Chemical Biology has revolutionised biological probe engineering 
and the use of chemistry in biomedical research.
8
 The complexity of a probe could thus vary 
from simple molecules to supramolecular units or to highly sophisticated surface-
functionalised nanomaterials.  
Chemosensors are classified according to the type of the detection response (e.g. 
optical, electrochemical or in terms of mass and magnetic variation); several excellent 
reviews have been published in the field of electrochemical sensors,
9
 microcantilevers
10
 and 
optical sensors.
11
  
Amongst all sensors, optical probes are the most diverse and the most widely 
employed because of their distinctive features. In addition to being easy to handle and often 
adaptable for both online and remote sensing, they display unrivalled versatility as they can 
be applied in the detection of hazardous species as well as in medical diagnostics.
12
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1.2  Optical sensor operation13 
 
Optical chemosensors (or probes) contain two basic functionalities: a receptor and 
a reporter or signalling subunit. Some chemosensors also include a separator which connects 
the other two main functionalities. The receptor provides a suitable site for the recognition of 
the target (or analyte). Once the target is acquired as chemical information, the information is 
then transformed into optical energy (light absorption, reflection, luminescence) and can then 
be detected as an optical signal.  
 
 
 
 
At the base of the detection mechanism, two main events, termed molecular 
recognition and transduction take place. The molecular recognition event is crucially 
important in chemosensing, as no information is produced when there is no interaction.  
During the molecular recognition, highly specific target-receptor interactions occur 
through the formation of covalent bonds or non-covalent reversible bonds between the 
receptor and the analyte (e.g. hydrogen bond, ionic bond and van der Waals interactions). 
The target-receptor interactions induce various physical phenomena (e.g. conformational, 
electronic, electrochemical), which culminate in the generation of an unambiguous optical 
signal by the reporter. This process is called transduction. 
In the case of optical sensors, the transduction of the specific molecular 
interactions between the receptor and the analyte lead to the emission of an optical signal by 
the reporter. The reporting modalities vary from a simple change in colour to more complex 
luminescence modulations and are characteristic of the nature of the reporter. The detection is 
carried out by measuring the variation of one of the several analyte-dependent UV-Visible 
(e.g. absorbance, reflectance) or fluorescence/phosphorescence (e.g. intensity, lifetime, 
Figure 1.1  Functionalities and operation of an optical sensor. 
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quenching, anisotropy, FRET) parameters. Chemosensors showing both colour and 
fluorescence responses in the presence of analytes are termed chromo-fluorogenic.
14
 
 
1.3  Theoretical aspects of chromo-fluorogenic sensors13 
Selectivity, sensitivity and dynamic range of detection are fundamental parameters 
that have to be optimised when designing a new chemosensor. In addition to these three 
parameters, chromofluorogenic chemosensors also need to display further features, such as a 
high molar attenuation coefficient, significant quantum yield (Φ), large Stokes shift and good 
photostability, in order to be applied as chromofluorogenic sensors. A brief definition for 
each of these parameters is provided below, whereas detailed explanations of the dynamics 
and the kinetics of analyte-receptor binding, illustrated by relevant examples can be found in 
various books and reviews.
13,14
  
 
1.3.1  Selectivity, sensitivity and dynamic range of detection 
Selectivity is the basic principal of any analytical method and can be briefly 
described as the ability of the sensor to produce a signal only in presence of a certain analyte. 
This property is crucial when it comes to detect a single analyte amongst a wide range of 
potential interferents, which are often molecules with similar properties to the analyte. 
Discrimination between the analytes occurs during the molecular recognition event and it is 
based on highly specific interactions between the receptor and the analyte. In general, these 
interactions are driven by the strong molecular affinity of the receptor towards the desired 
analyte and result in the formation of highly thermodynamically stable adducts, in the case of 
a covalent binding mode, or kinetically favoured equilibria, in the case of non-covalent 
reversible binding mode.  
Chemosensors are also characterised by a limit of detection or detection limit (LOD 
or DL), which is the index of the sensitivity of a chemosensor. By definition, it is considered 
the smallest concentration of analyte that can be unambiguously detected by the 
chemosensor. To be considered a LOD, this concentration must produce a signal that is 
unequivocally distinguishable from the blank and the background signals (or background 
noise) and has to be characterised by a statistically significant signal-to-noise ratio (SNR or 
Chapter 1 
5 
 
S/N). The sensitivity of a chemosensor is not only related to the response of the detection 
system but also to the analyte-receptor affinity and the overall detection mechanism. It is 
possible that the analyte-receptor affinity is not sufficient for a stable analyte-receptor adduct 
to form and therefore the presence of the analyte (despite being present in a non-negligible 
amount) is not detected. This phenomenon is fairly common when the sensing mechanism is 
based on a non-covalent labile binding mechanism, reversible binding or at high rates of 
binding-release kinetics.  
The calculation of the LOD will be thoroughly discussed in Chapter 3 using 
relevant examples. 
Unfortunately, no sensor can detect analytes from molar to molecular levels. It is 
therefore important to define a dynamic range of detection at which the chemosensor can 
operate with high accuracy and precision. The lower limit of this range is represented by the 
limit of detection whereas the higher limit is reached at signal saturation, when all the 
chemosensor receptors are saturated by the analyte. In the case of reversible binding, the 
determination of the binding constant Kd is vital in order to determine the range of detection. 
This additional parameter takes into account the dynamic of association-dissociation 
equilibrium between the analyte and the receptors and can be assessed using various methods 
(e.g. titration, serial dilutions). 
 
 
1.3.2  Molar attenuation coefficient, quantum yield, Stokes shift and 
photostability 
The molar attenuation coefficient (ε), also known as molar extinction coefficient or 
molar absorptivity, indicates the ability of a molecule to absorb light at a certain wavelength. 
This coefficient is proportional to the concentration of the species in solution and is 
influenced by the environment conditions and the nature of the molecule. The quantum yield 
(Φ) indicates the fluorescence emission efficiency of the molecule, which is the ability of the 
molecule to emit photons during the lifetime of its excited-state. While chromogenic probes 
mainly require high molar attenuation coefficients, chromofluorogenic probes require both 
high molar attenuation coefficient and quantum yield, as these two parameters together define 
the ability of the molecular probe to absorb and emit light (brightness). In order to achieve 
maximum brightness, the wavelength of excitation needs to be chosen accordingly so as to 
achieve the maximum excitation. Also, in order to reduce light-scattering and 
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autofluorescence (i.e. emission of endogenous fluorophores in biological systems), 
chemosensors possessing a large separation between the absorption and emission bands 
(Stokes shift) are preferable.
15
 
In general, the range of operational (absorption and emission) wavelengths has to 
be selected by taking the sensitivity of the detector into consideration. The operational 
wavelength range of naked-eye chromogenic sensors must therefore be in the visible 
spectrum, between 400 and 700 nm.  
Amongst all features, chromofluorogenic probes should display high photostability 
to prevent the degradation of the probe (photobleaching) occurring during the excitation 
process. Unfortunately, this phenomenon arises frequently in single molecular imaging and 
super resolution microscopy, where high-intensity radiation sources are employed.
16
  
In addition to these features, fluorescence lifetime (τF) is also a fundamental 
property that characterises a sensing system and is widely exploited in fluorescence lifetime-
based sensing techniques.
17
 As it is heavily influenced by temperature and by the 
environmental conditions, the choice of the appropriate probe has to be made in respect of the 
type of technique used. Although long-lived molecules (e.g. pyrene) can be easily detected, 
they are far more affected by the presence of oxygen or other quenching effects. For this 
reason, short-lived species are sometimes preferred.
18
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1.4 Transition metal complexes for chromo-fluorogenic sensing 
Chromo-fluorogenic sensors must produce a strong and unambiguous optical 
response in the presence of the analyte, through the variation of colour, fluorescence (or 
phosphorescence) intensity, fluorescence lifetime, photo-induced charge transfer (PICT), 
Förster resonance energy transfer (FRET) or through the formation of excimers and exciplex 
species.
14
 Sensing through plasmonic effects of nanoparticle aggregation is also in rapid 
growth.
19
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Optical chemosensor characteristics and sensing techniques. 
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For these purposes, a broad variety of molecular- and nanomaterial-based probes is 
regularly employed in chemosensing. Although organic dyes were the first to be used and 
still remain highly popular,
20, 21
 naturally fluorescent proteins,
22
 transition metal complexes,
23, 
24
 quantum dots,
25
 dendrimers
26
 and noble-metal nanoparticles
27,28
 have also been 
documented for their value in numerous applications of chromofluorogenic sensing. The 
settings in which they are applied range from anion and cation recognition,
20,21
 pH and 
temperature sensing,
29,30
 reactive oxygen species sensing
31
 to warfare and toxic gas 
detection.
32
  
Among all these probes, d
6
, d
8
 and d
10
 transition metal complexes have attracted 
significant attention for their rich photophysical properties which can arise from different 
coordination geometries or oxidation states and from the presence of different types of 
ancillary ligands with various coordination modes. High quantum yields, large Stokes shifts, 
long emission lifetimes (> 100 ns) and emission stability are among the key features that 
make transition metal complexes outstanding candidates as chemosensors.
23, 33-35
 
Thanks to the development of ligand field theory and the full understanding of the 
spectroscopic properties of metal complexes, it is now possible to engineer luminescent 
chemosensors for a broad variety of sensing applications. 
1.4.1  Photophysical properties of transition metal complexes23, 24 
In 1971, studies performed on polypyridine ruthenium(II) complexes pioneered the 
investigation of the photochemistry of transition metal complexes.
36
 Since then, absorption 
and emissive states of different nature, originating from charge transfers, have been identified 
and intensively studied.
37
 
Within a metal complex, any variation in the electron distribution between the 
metal and the ancillary ligands results in the creation of charge transfer (CT). Upon UV-Vis 
irradiation, complexes undergo charge-transfer electronic transitions from the ground state to 
excited states, which result in the formation of charge-transfer bands (CT bands) in the 
absorption spectrum and, ultimately, in the characteristic colours of the metal complexes.  
These charge-transfer bands can arise from d-d metal-centred (MC) transitions, 
metal-to-ligand charge-transfer (MLCT), ligand-to-metal charge-transfer (LMCT), ligand-
centred charge transfer (LC), ligand-to-ligand charge-transfer (LLCT) and many other types 
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of charge transfer. In the case of MLCT and LMCT, for example, these mixed-character 
charge transfers arise from the transfer of electrons from molecular orbitals (MO) with metal-
like character to a MO with ligand-like character, and vice versa (Figure 1.3).  
Any variation in the energies of these excited states can lead to changes in the 
emission properties (emission wavelength, emission intensity and lifetime). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Following the excitation and consequent intersystem crossing, the excited state is 
deactivated via non-radiative (heat loss) and radiative pathways (Figure 1.4). In contrast to 
convention organic singlet-state emitters, metal complexes display additional triplet-state 
emissions (e.g. 
3
MLCT, 
3
MLLCT), which are responsible for their extended lifetimes; for this 
reason, they are commonly referred as phosphorescent or simply as luminescent 
chemosensors and they are not strictly just chromo-fluorogenic.  
 
 
Figure 1.3 Light absorption by a d-block metal complex (octahedral) resulting in MC (metal 
centred), LMCT (ligand-to-metal charge transfer), MLCT (metal-to-ligand charge transfer), 
LC (ligand centred) transitions.37 
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1.4.2  Design of luminescent chemosensors35,38 
As described at the beginning of this Chapter, a chemosensor must contain two 
fundamental units: a receptor unit and a reporting unit. Generally, luminescent transition 
metal complexes mainly act as a reporting unit which translates the receptor-analyte binding 
information into an optical signal, while the receptor unit is usually connected to one of the 
ancillary ligands via a spacer. Alternatively, the luminescent complex may act as both 
receptor and reporting unit, with the receptor being tightly bound to the metal or being the 
metal itself. 
According to these principles, the design of luminescent chemosensors can be 
accomplished through three different approaches. The ‘receptor-σ-reporting unit’ approach 
consists of linking the receptor unit to a complex ligand via a spacer whereas the ’receptor-
conjugated reporting unit’ consists of the direct linkage of the receptor unit to the ligand 
without the presence of a spacer. A third approach based on the irreversible reaction between 
the metal complex and the analyte is called the ‘chemodosimeter’ approach.  
Figure 1.4 Jabłonski energy level diagram for a d6 metal complex displaying the potential 
processes arising from light excitation. 
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Figure 1.5 Schematic representation of the sensing approaches discussed in this Chapter. 
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The ‘receptor-σ-reporting unit’ approach is mainly used for designing PET-based 
chemosensors (PET = Photoinduced electron transfer), which exhibit turn-on (or turn-off) 
emission. As an alternative, the emission revival (or quenching) can be caused by the 
perturbation of the energy levels of the complex through the interaction of the receptor with 
the analyte. For example, in the particular case of intermolecular metal-metal interactions 
(characteristic of platinum and gold compounds), the variation in the 
3
MMLCT or 
3
LMMCT 
excited-state energies produces significant changes in the emission properties of the complex. 
 
 
Typical of a ‘receptor-conjugated reporting unit’ system is the Fluorescence 
Energy Transfer mechanism or Förster Resonance Energy Transfer (FRET), based on the 
variation in the electronic donor-acceptor properties of the reporting unit; FRET is distance 
dependent, as it only occurs when the donor and acceptor groups are within the 10 to 100 Å 
distance. This mechanism is exploited in the design of ratiometric chemosensors, in 
particular. 
Figure 1.6 (top) Schematic representation of the Photoinduced Electron Transfer (PET) mechanism of 
a ‘receptor- σ-reporting unit’. The emission of the metal complex is quenched by the PET process from 
the receptor to the luminescent unit. When the analyte binds to the receptor, the PET process is 
inhibited and the luminescent emission of the metal complex is recovered. (below) Two examples of 
chemosensors for the sensing of Zn2+ (a)39 and OCl (b)40 that exhibit the PET mechanism. 
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-
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Finally, the chemodosimeter approach is based on the direct reaction of the analyte 
with the metal complex: this reaction is usually irreversible and leads to the formation of a 
compound that displays different emission properties compared to the initial 
chemodosimeter. Thus, the analyte could react with the receptor linked to the ligand or could 
directly react with the transition metal. The complexity of the latter sensing system is 
challenging, as it implies the modification of the reactivity and photochemistry of the metal 
centre without compromising the stability of the metal complex. While this mechanism is the 
least exploited in the design of luminescent chemosensors, it is nonetheless efficient and 
extremely interesting. Detailed descriptions of these mechanisms are reported in numerous 
reviews.
35, 38-39
 
 
Figure 1.7 Representation of the ratiometric detection of intracellular CN by using 
[Ir(dmpp)2(dcbpy)]

 and hydrophobic oleic coated on upconversion nanocrystals (UCNPs; 
NaYF4: 20% Yb, 1.6% Er, 0.4% Tm). In the absence of CN
 the upconversion luminescence of 
the nanocrystals is quenched by [Ir(dmpp)2(dcbpy)]
-
 via FRET.
41 
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The work developed in this thesis exploits the chemodosimeter approach in the 
design of d
6
 transition metal probes for the detection of toxic gases (carbon monoxide and 
sulfur dioxide) in air, solution and in cells. 
  
  
Figure 1.8 Chemosensors based on ruthenium and copper designed using the 
chemodosimeter approach, where NO reacts irreversibly with one of the ligands (a)42 to 
form a triazole or reacts with the metal (b)43 triggering the ligand release. 
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2.1 Sulfur dioxide: toxicity, applications and biological role 
The emission of Volatile Sulfur Compounds (VSCs) represents one of the major 
environmental problems, which dramatically contributes to the production of smog, acid rain 
and atmospheric particulates.
1,2 
Sulfur dioxide (SO2) is principally produced by the 
anthropogenic and natural combustion of fossil fuels, by extraction of sulfide ores and by 
terrestrial and marine biota activity.3-5 Under standard atmospheric conditions, it is a highly 
toxic and colourless gas with a pungent smell of struck matches. The inhalation of SO2 is 
associated with respiratory diseases, premature deaths,
6
 lung cancer, cardiovascular disease 
and ischemic stroke.
7
 In fact, the toxicity of the gas is so acute that the time-weighted average 
permissible exposure limit is currently set at 5 parts per million (ppm), far lower than that of 
carbon monoxide (vide infra). Due to its pungent odour, sulfur dioxide can be easily detected 
at 3 ppm and at levels between 6 to 20 ppm it irritates the respiratory ways and eyes. 
Prolonged exposure at more than 100 ppm of SO2 can cause pulmonary edema and death. 
Considering its toxicity, detection and monitoring of SO2 in the atmosphere and after 
desulfurisation processes are extremely important.  
Perhaps surprisingly, sulfur dioxide finds application as a preservative in foods
8
 
and winemaking
9
 industries for its antimicrobial properties. Commonly found in dried fruit 
packaging with the European E220 symbol, sulfur dioxide preserves colour, appearance and 
prevents rotting of the foodstuff. In the winemaking industry, it is mostly added to white 
wines, which are naturally lacking in polyphenols and tannins, to prevent any spoilage by 
bacteria and oxidising agents. However, sulfur dioxide is also added to red wines and rosé in 
lower quantities. Though the use of sulfites in winemaking dates back hundreds of years, the 
words “contains sulfites” have to be reported on wine labels whenever SO2 is added. Sulfur 
dioxide can be found in solution as dissolved molecular gas but also as bisulfites and sulfites. 
All these three species are in equilibrium with each other and their respective levels are 
connected to the pH of the wine. In fact, higher pH shifts the equilibria towards mixtures of 
sulfites and bisulfites whereas lower pH pushes the equilibrium towards free SO2 (molecular 
gas), which is ultimately the active antimicrobial and antioxidant species. Wines are allowed 
a maximum total concentration of SO2 (combination of free SO2, bisulfites and sulfites) 
below 160 ppm for red wines and 210 ppm for white and rosé wines, according to EU 
regulations, even though other types of preservatives are currently under study to reduce the 
amount of SO2 content in wines.
10, 11
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Together with ozone, SO2 is also used as sanitation agent to clean and sanitise 
equipment. 
Even more surprisingly, sulfur dioxide displays protective effects in case of 
myocardial injury, pulmonary hypertension and atherosclerosis and it has been widely 
recognised as an important biological gasotransmitter, alongside nitrogen oxide (NO), carbon 
monoxide (CO) and hydrogen sulfide (HS

).
12
 With the aim of unravelling the biochemistry 
of this small molecule, new SO2 chemodosimeters have increasingly been developed in the 
past few years.
13-15
 
2.2 Sulfur dioxide detection: from electrochemical to 
colorimetric methods 
The first sensor based on a galvanic cell used K2SO4 and was developed by 
Gauthier and Chamberlain.
16
 Subsequently, solid electrolytes and semiconducting metal 
oxides are currently in use for detecting specific gases. Solid electrolytes consist of metal 
oxides, typically yttria-stabilised zirconia (YSZ), with ionic conductivity and can detect SO2 
with low cross-sensitivities (e.g to NOx) at high temperatures. Similarly to solid electrolytes, 
semiconducting oxides are also employed to detect various gases, although they can only 
operate at extreme temperatures (400 − 800 ºC).17 In the last two decades, three-electrode-cell 
amperometric detection of SO2 was developed with both closed-shell and gas-diffusive 
apparatuses. In this case, the electrodes are typically immersed into electrolyte solutions, like 
aqueous H2SO4, HClO4, and also dimethyl sulfoxide-water mixtures, while the gas was either 
forced by injection or allowed to diffuse into the chamber.
18,19
  
Improved electrochemical sensors based on a porous gold polymer electrode 
allowed the determination of trace concentrations of SO2 in air as low as 1 ppb. Cross 
sensitivities with the major gaseous species, such as Volatile Organic Compounds (VOCs) 
and NOx, were present but totally negligible.
20
 More details about sensing materials for gas 
detection are thoroughly described in recent books
17
 and reviews.
21-26
  
As an alternative to these technologies, which rely on responses arisen from 
analyte physisorption or from changes in the physical properties of the detectors (e.g., analyte 
oxidation/reduction, conductivity), there is a growing need to develop new sensors based on 
specific chemical interactions. As described in Chapter 1, these sensors need to be 
sufficiently robust, reusable, with a potential to be miniaturised and/or incorporated in 
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optoelectronic portable devices. These attributes contrast greatly from the detectors described 
above, which are usually lab-based, relatively delicate and display substantial power 
consumption. For these reasons, low-cost colorimetric sensors were explored as attractive 
alternatives for the selective and sensitive detection of SO2.
27
 Colorimetric chemosensors 
offer the advantage of selectively detecting specific analytes through chemical interactions, 
which are responsible for colour changes which are visible to the naked eye. One of the first 
colorimetric methods for the monitoring of atmospheric sulfur dioxide was described in 
1958.
28
 Since then, various contributions have focused on the detection of atmospheric SO2 
as well as dissolved SO2 in aqueous solutions.
27, 29-31
 
Based on this approach, extensive work on colorimetric SO2 detection using 
platinum(II) halide complexes bearing monoanionic bis(amino)aryl or bis(amino)alkyl NCN-
pincer ligands has been reported.
32
 The four-coordinate platinum complexes undergo 
reversible binding of SO2, which translates into a clear colour response in both solution and 
the solid state. The change in the coordination environment is accompanied by a dramatic 
colour change from colourless to orange in the presence of SO2 and from orange to colourless 
when exposing the platinum SO2 adduct to air or by increasing the temperature up to 82 ºC. 
The recovery of the original white colour is complete after 24 hours, with no decomposition 
occurring. To enhance the efficiency of these chemical sensors, the Pt-pincer complexes have 
been incorporated into dendrimeric
33-35
 and peptidic
15
 structures. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 SO2 sensing mechanism of the Pt-pincer complex [Pt{C6H2(CH2NEt2-2,6)2(OH-4)}Cl and 
the corresponding metallodendritic derivative.32,33 
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More recently, alumina-supported tertiary amino alcohol-based detection systems 
for both CO2 and SO2 have been reported.
36
 These sensors show a clear colorimetric response 
in the presence of 0.2% (v/v) of SO2, by forming stable amino-SO2 adducts. The regeneration 
of the sensors and the removal of SO2 are achieved by heating the material under vacuum or 
in a helium atmosphere.  
The exploitation of this donor-acceptor chemistry between SO2 and amines has 
also been employed in a supramolecular approach based on a zinc tetraphenylporphyrin 
sensor. Its sensing mechanism is based on a simple and reliable displacement assay, which 
allows discrimination between SO2 and other exhaust gases like CO, CO2, NOX, and 
moisture.
37
 Several luminescent sulfur dioxide sensors have also been reported 
recently.
13,14,31,38
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2.3 Ruthenium(II) vinyl complexes and sulfur dioxide detection 
In this section, the use of a series of 16-electron ruthenium vinyl complexes will be 
discussed as colorimetric and fluorimetric probes for the visual detection of sulfur dioxide. 
Firstly, the preparation of the series of complexes is outlined and is then followed by the 
study of the optical and fluorescence responses of the probes in presence of sulfur dioxide. 
Subsequently, the reactivity of these compounds is discussed in detail. 
2.3.1 Synthesis of the complexes 
Metal vinyl complexes
39
 are an important class of σ-hydrocarbyl complexes and 
are typically formed via alkyne hydrometallation as well as being presumed intermediates in 
several catalytic reactions. The hydrometallation reaction proceeds via initial coordination of 
an alkyne to a coordinatively-unsaturated hydride complex. The metal hydride could be 
innately coordinatively-unsaturated, such as [RuH(Cl)(CO)(P
i
Pr3)2], or could achieve 
unsaturation via dissociation of one or more labile ligands in solution. Particularly, in the case 
of ruthenium hydride derivatives of general formula [RuH(Cl)(CO)(PPh3)2(L)] (L = PPh3, 
pyrazole, dimethylpyrazole, 2,1,3-benzoselendiazole, 2,1,3-benzothiadiazole), the 
unsaturation is achieved via dissociation of the labile ligand L. With the exception of 
complexes bearing weakly bidentate ligands with electron-withdrawing properties (e.g., 
trifluoroacetate)
40
 or hemilabile phosphine-ether ligands,
41
 complexes bearing bidentate 
ligands are generally not suitable for this type of reaction, due to their inability to create a 
free coordination site.  
The complexes [RuH(Cl)(CO)(PPh3)2(L)] react with alkynes (R
1C≡CR2) to afford 
either coordinatively-saturated [Ru(CR
1
=CHR
2
)(Cl)(CO)(PPh3)2(L)] or unsaturated 
[Ru(CR
1
=CHR
2
)(Cl)(CO)(PPh3)2] σ-vinyl complexes. The degree of saturation can be 
achieved through the use of different solvents. Apart from ethyne, which can undergo 
oligomerisation, terminal alkynes are readily hydrometallated by hydride metal complexes 
(Figure 2.2) with no occurrence of β-M-H elimination and unwanted byproducts. Internal 
alkynes also undergo hydrometallation but require more forcing conditions, as described by 
Echavarren and co-workers.
42a
 An alternative route to hydrometallation is trans-vinylation 
using Hg(CH=CHR)2, although it is less commonly used because it requires the use of highly 
toxic mercury compounds. 
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As reported by Santos,
42b
 Winter
43
 and others,
44
 five-coordinate ruthenium vinyl 
complexes [Ru(CH=CHR)(Cl)(CO)(PPh3)2] are easily prepared from the ruthenium hydride 
[RuH(Cl)(CO)(PPh3)3] via hydroruthenation of terminal alkynes by tuning the reaction 
conditions. The insertion of the terminal alkyne triple bond into the metal hydride occurs in a 
regio- and stereospecific manner which leads to the formation of the anti-Markovnikov σ-
vinyl complex, where the hydride is transferred to the β-carbon. These complexes have been 
studied for their non-innocent charge transfer properties, which could be favourably exploited 
in the field of molecular switches.
42, 45-47
 
In this study, these complexes are explored as optical probes for the detection of 
sulfur dioxide by exploiting the reactivity of these five-coordinated square pyramidal 
bis(phosphine) complexes towards two-electron ligands.  
Being colourful and reactive, but also extremely stable under normal conditions of 
temperature and pressure, makes these complexes ideal candidates for this application. 
Encouraged by the results reported by Hill, which mentioned the change in colour 
of the complexes on reaction with sulfur dioxide,
48
 a series of five-coordinate ruthenium 
vinyl complexes (1-5) were prepared with five terminal alkynes bearing aromatic substituents 
(phenylacetylene, 4-ethynyltoluene, 9-ethynylphenanthrene, 1-ethynylpyrene, 6-methoxy-2-
ethynylnaphthalene). These aromatic ligands were chosen in view of their outstanding 
fluorescence/optical properties, low toxicity and modest cost. 
The pink crystalline ruthenium(II) hydride precursor [RuH(Cl)(CO)(PPh3)3] was 
treated with a slight excess of the alkynes (molar ratio 1:1.3) in dichloromethane, either at 
room temperature or by applying gentle heating (30  35 ºC). Following ultrasonic trituration 
of the resulting purple solids with diethyl ether and petroleum ether (40  60 ºC fraction), 
allowed the complete removal of the free phosphine, which is labilised and released in 
solution during the hydroruthenation reaction (Scheme 2.1). The synthetic procedures 
employed were adapted from the works of Winter,
42
 Hill,
49
 Jia
50
 and Santos,
43
 where the 
Figure 2.2 Hydrometallation mechanism forming the anti-Markovnikov σ-vinyl complex  
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syntheses of the compounds [Ru(CH=CHPh)(Cl)(CO)(PPh3)2] (1), [Ru(CH=CHTolyl-
4)(Cl)(CO)(PPh3)2] (2) and [Ru(CH=CHPyrenyl-1)(Cl)(CO)(PPh3)2] (4) were first reported. 
Complexes 3 and 5 have not been prepared previously. 
 
Scheme 2.1 Synthetic scheme for the series of 5-coordinate ruthenium(II) complexes (1-5) 
 
The complexes were fully characterized by 
1
H, 
31
P NMR and IR spectroscopy and 
mass spectrometry. Consistent with the data reported in the literature, each spectrum shows 
two sets of two doublets of triplets (dt) corresponding to the vinyl α- and β-protons. The 
coupling constants JHH vary from 12.8 − 16.2 Hz and confirm the E-geometry of the vinyl 
protons. The other smaller couplings (1.9 and 3.2 Hz) are related to the JHP heteronuclear 
coupling between these protons and the two chemically equivalent phosphorus nuclei. Also, 
the more shielded Hβ displays a slightly smaller value of JHP compared to Hα, due to the 
longer range 
4
JHP coupling. As far as the 
31
P NMR spectroscopic data are concerned, 
chemical shifts of the singlets observed range from 29.5 to 30.9 ppm. Moreover, the sharp 
bands around 1900-1930 cm
-1
 in the solid state infrared spectrum correspond to the stretching 
mode of the carbonyl ligands.  
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2.3.2 Absorption and fluorescence response towards SO2 
Following the preparation of the complexes, the series of five-coordinate 
ruthenium complexes 1-5 was tested for the optical detection of sulfur dioxide. 
According to the findings reported by Hill in 1995,
48
 this type of coordinatively-
unsaturated complex undergoes a clear colour change in the presence of the gas, as a 
consequence of the coordination of SO2 to the metal centre.  
On the basis of these results, dichloromethane solutions of complexes 1-5 (10
-5 
M) 
were studied in the presence of increasing concentrations of sulfur dioxide via 
spectrophotometric techniques. Initially, sulfur dioxide was generated according to a standard 
protocol for the generation of such gases, which involves a controlled copper-catalysed 
reduction of hydrogen sulfate. The gas was collected in a round bottom flask fitted with a 
septum and used immediately. The protocol and equipment used for the generation of sulfur 
dioxide can be found in the Appendix (Section B). With the use of a plastic syringe, aliquots 
of the gas were taken and then slowly bubbled into the solutions of the compounds. 
Subsequently, a more practical SO2 cylinder was employed in order to exclude the effect of 
potential impurities on the detection; in particular, the residual acid vapour derived from the 
reduction of the sulfuric acid could lead to the cleavage of the alkenyl bond and the 
subsequent decomposition of the complexes. Fortunately, NMR experiments with both 
generated and pure SO2 gas led to the same outcomes, which therefore indicate that the 
presence of any acidic impurities did not affect the detection.  
The pure gas from the cylinder was employed routinely whereas the lab-generated 
gas was used only when trying to correlate the change in the optical properties with the 
concentrations of the gas in ppm (part per million) added to the solution of the compounds. 
These outcomes, as well as the reactivity of complexes 1-5, will be discussed in detail in the 
following section. 
Generally, the experiments revealed consistent results for all the complexes, which 
show overall variations in colour (complexes 1-5) and fluorescence (only for complexes 3-5, 
which bear highly fluorescent vinyl substituents) during the reaction with SO2. The colour of 
the complexes changes instantaneously from dark red to bright yellow when sulfur dioxide is 
bubbled through the solution. The UV-Vis spectra undergo striking changes between 250 to 
450 nm, with significant hypsochromic shifts of the absorption maxima (Table 2.1 and Figure 
2.3) and disappearance of some of the bands at 450 nm. These changes are consistent with the 
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modification of the coordination sphere around the metal centre and potentially of the 
formation of sulfone adducts.  
Surprisingly, it also appeared that the absorption and fluorescence spectra of the 
complexes still continued to change considerably over time, despite ceasing the addition of 
the gas. This behaviour is potentially due to the formation of kinetically unstable species 
which react together and afford more stable moieties. For instance, the addition of only 2 
ppm of SO2 to complex 4 leads to the disappearance of the band at 386 nm and the 
appearance of a band at 367 nm, the intensity of which increases by about 0.2 to 0.5 units and 
shifts towards lower wavelengths by about 20 nm in the 15 minutes following the addition. 
The intensification of the band is not consistent with a change in the concentration of the 
compound as the other bands are not affected. 
The complete collection of UV-Vis spectra can be found in the Appendix (Section 
B).  
 
Table 2.1. UV-Vis spectral data at room temperature for complexes 1-5 in dichloromethane solution. 
Complexes Absorption Maxima (λmax/nm) 
       Absence of SO2                Presence of SO2 
1  494; 392; 293 262 
2 500; 394; 291 400; 264 
3  335 314 
4  386; 363; 345; 284 367; 278 
5  397; 374; 275 285 
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Remarkably, together with the change in the absorption properties, variations in the 
fluorescence emission of complexes [Ru(CH=CH-phenanthrenyl-9)(Cl)(CO)(PPh3)2] (3), 
[Ru(CH=CH-pyrenyl-1)(Cl)(CO)(PPh3)2] (4) and [Ru(CH=CH-methoxy-6-naphthyl-
2)(Cl)(CO)(PPh3)2] (5) take place. A significant turn-on fluorescence emission is displayed 
when sulfur dioxide is bubbled into a dichloromethane solution of each complex (Figure 2.4). 
Due to the protocol used for the generation of SO2, it was possible to determine that about 10 
ppm of the gas could induce a net colour and fluorescence change, with a maximum 10-fold 
turn-on emission recorded when passing ca. 80 ppm of SO2 through the solution. The 
emission maxima are located between 400 and 600 nm and show typical features of 
polyaromatic electronic transitions. Moreover, the emission profiles of the newly formed 
vinyl sulfinato products are very similar despite originating from three different fluorophores. 
In addition, all three spectra show an additional band in the 650 − 700 nm range which 
becomes more and more prominent at higher concentrations of the complexes. This band 
could be due to the formation of excimers via π-stacking of two or more vinyl fluorophores, 
which could suggest the formation of multimetallic adducts via complex reaction pathways. 
Figure 2.3 UV-Vis spectra and corresponding change in colour of a 10-5 M dichloromethane 
solution of [Ru(CH=CHTolyl-4)(Cl)(CO)(PPh3)2] (2) in the presence of increasing amounts of 
sulfur dioxide. 
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Figure 2.4 Fluorescence emission of complexes 3, 4 and 5 before (black) and after (red) 
bubbling sulfur dioxide (about 80 ppm) through a 10-5 M dichloromethane solution of each 
complex (λexc = 335 nm for compound 3; 363 nm for compound 4; 375 nm for compound 5). 
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In contrast to the colour changes, the fluorescence variations cannot be explained 
simply by straightforward modifications to the coordination environment and by variation of 
the charge-transfer transitions, as the underlying turn-on mechanism is far more complex.  
What is clear is that the reaction of the complexes with sulfur dioxide produces 
highly emissive sulfonyl species, where the emission of the vinyl fluorophores and potential 
charge transfer processes are efficiently revived; it seems in fact that the fluorescence of the 
fluorophores is substantially quenched when connected to the ruthenium centre via the 
alkenyl bond, suggesting that the π-π* transition centred on the fluorescent ligand is 
disfavoured. This quenched emissivity can be appreciated by comparing the dichloromethane 
solutions of complexes 3, 4 and 5 with the respective organic ethynyl-fluorophores 9-
ethynylphenanthrene, 1-ethynylpyrene, 6-methoxy-2-ethynylnaphthalene at the same 
concentrations under a UV lamp (λexc = 365 and 254 nm). However, due to time constraints, 
the measurement of the quantum yields (Φ) of both complexes and organic ethynyl-
fluorophores could not be performed.  
In order to gain a clear insight into the photophysical properties of the complexes, 
attention was focused on the reactivity of complexes 1−5 and on the characterisation of the 
resulting vinyl sulfinato derivatives. 
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2.3.3 Reactivity towards sulfur dioxide 
Following the promising results regarding the optical response of the series of 
complexes 1−5 towards SO2, the reactivity of these coordinatively-unsaturated complexes 
will be discussed in detail.  
According to the study conducted by Hill,
48a
 treatment of a suspension of the 
ruthenium hydride [RuH(Cl)(CO)(PPh3)3] with various alkynes in the presence of SO2 leads 
to the formation of the pale yellow or colourless vinyl sulfinate complexes [Ru{2-
OS(=O)CR
1
=CHR
2
}Cl(CO)(PPh3)2] (Scheme 2.2). At first, it was believed the insertion into 
the metal σ-vinyl bond proceeded via a "classical" insertion route, which involves initial 
formation of a monodentate SO2 adduct, electrophilic back side attack at the vinyl Cα and 
subsequent inversion of the Cα configuration and final formation of sulfinate complex. 
According to a later study by the same author,
48b
 the resulting sulfinate moiety is 
obtained through the direct insertion of sulfur dioxide into the metal σ-vinyl bond, with a 
coordination mode of neither monodentate S- nor O- character. In fact, infrared data 
suggested the formation of a further hemilable dative interaction of the sulfoxide oxygen with 
the ruthenium centre. This weak interaction acts as a further stabilising factor for the d
6
-
electron complexes. The high reactivity of this type of complex towards π-acid species (e.g., 
CO) remains the same. 
 
Scheme 2.2 Suggested reaction mechanism of a generic 5-coordinate ruthenium vinyl complex with 
SO2. The insertion of SO2 into the metal-vinyl bond is followed by rearrangement to the monodentate 
sulfinate compound after further reaction with L (e.g. CO, CNC6H3Me2-2,6, CNBu
t).48 
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Although the latter studies by Hill were conducted using liquid sulfur dioxide at 
low temperature (below -10 ºC), it was decided to carry out the experiments at room 
temperature using gaseous sulfur dioxide in order to have a plausible scenario for sensing and 
to remain consistent with the UV-Vis and fluorescence measurements described in the 
previous section. NMR, IR spectroscopy and mass spectrometry (ESI) were used to 
characterise the species formed through the reaction of the 5-coordinate complexes with SO2. 
Using the same set-up as described in Section 2.3.2, increasing amounts of SO2 
were bubbled through dichloromethane-d2 solutions of complexes 1−5 in different aliquots. 
The experiments were first run using the more practical sulfur dioxide source (from the 
cylinder) and were then repeated using lab-generated sulfur dioxide. The advantage of using 
the lab-generated gas relies on the better estimation of the amount of gas (in ppm) contained 
in each aliquot. Although the standardised protocol for the generation of SO2 is reliable, the 
lack of a certified SO2 detector prevented the accurate evaluation of the gas concentrations 
and the analytical detection limits of each complex as was possible for carbon monoxide 
(Chapter 3).  
After the addition of each aliquot, 
31
P and 
1
H NMR spectra, as well as other 
homonuclear and heteronuclear two-dimensional NMR experiments, were run to identify the 
sulfonyl species formed. Surprisingly, the results obtained in this study do not fully agree 
with the ones reported in the literature. 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2.5 Stacked 1H NMR spectra of [Ru(CH=CHPh)(Cl)(CO)(PPh3)2] (1) in CD2Cl2 in the 
presence of approximately 0, 1, 5, 10 and 50 ppm of sulfur dioxide. 
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As shown in the stacked 
1
H and 
31
P NMR spectra reported in Figures 2.5 and 2.6, it 
is clear that, when SO2 is bubbled through a solution of the complex 
[Ru(CH=CHPh)(Cl)(CO)(PPh3)2] (1), more than one species is formed. 
 
Complex 1 gives rise to a characteristically sharp peak at 31.0 ppm in the 
31
P NMR 
spectrum, confirming the mutually trans arrangement of the two phosphines around the 
ruthenium centre, is converted to multiple species characterised by different phosphorus 
environments. Firstly, it can be seen that low amounts of SO2 induce the formation of singlets 
at 53.4 and 51.1 ppm as well the liberation of free PPh3 (at –5.1 ppm). The relatively 
deshielded chemical shift values of the peaks around 50 ppm could suggest that these new 
compounds are electron-deficient and thus could result from the loss of the released 
phosphine. In addition, four doublets are observed at 37.7, 33.6, 26.4 and 23.5 ppm, each 
showing JPP couplings of either 21.5 or 19.5 Hz. It appears therefore that the four phosphorus 
signals are coupled together in pairs of doublets, indicating the presence of two new 
complexes bearing two phosphines in a mutually cis arrangement, unlike the original 16-
electron complex in which the two phosphines occupy the axial positions of a square 
pyramidal structure. Moreover, the similar chemical shifts and J-couplings suggest the 
formation of isomers. Further support for this hypothesis is the presence of doublets at 7.93, 
6.20 ppm and between 6.90 – 6.30 ppm in the 1H NMR spectrum, all displaying typical 
Figure 2.6 Stacked 31P NMR spectra of [Ru(CH=CHPh)(Cl)(CO)(PPh3)2] (1) in CD2Cl2 in the 
presence of approximately 0, 1, 5,10 and 50 ppm of sulfur dioxide. 
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Figure 2.7 Stacked 1H NMR spectra of [Ru(CH=CHPh)(Cl)(CO)(PPh3)2] (1) in CD2Cl2 in the 
presence of increasing amounts of SO2 (0 to 50 ppm). The disappearance of the α- and β-protons 
(dt) at 8.40 and 5.60 ppm is accompanied by the appearance of new doublets at 7.93, 6.20 ppm and 
between 6.90 – 6.30 ppm. 
vinylic trans JAB couplings of 15.4 Hz (Figure 2.7). These peaks display similar integrations 
and their appearance corresponds to the disappearance of the signals of the α- and β-protons 
of complex 1 (at 8.41 and 5.62 ppm, respectively). The loss of multiplicity from a doublet of 
triplets to simple doublets implies a greater separation of the vinyl protons from the magnetic 
influence (via the metal centre) of the triphenylphosphine ligands in the new products. 
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In the communication by Hill, no 
31
P NMR data are reported and only the 
1
H NMR 
resonances for the tolylvinyl compound are described. Therefore, in order to achieve a direct 
comparison with this work, the complex [Ru(CH=CHTolyl-4)(Cl)(CO)(PPh3)2] (2) was also 
studied in the same manner. Similarly to complex 1, the addition of SO2 to a dichloromethane 
solution of complex 2 induced the formation of multiple species. In this case, the resonances 
for the methyl protons of the tolyl group proved diagnostic in determining the number of 
species produced during the reaction (Figure 2.8). 
Unsurprisingly, the 
31
P NMR spectrum of complex 2 reveals strong similarities 
with the spectrum of complex 1. Again, two deshielded singlet peaks can be found at 
chemical shifts above 50 ppm (53.3 and 51.7 ppm) along with two sets of doublets at lower 
chemical shifts (37.7, 33.8, 26.2 and 23.4 ppm). The two sets of phosphorus doublets display 
JPP couplings of 21.6 and 19.6 Hz and, as for complex 1, they clearly belong to two different 
species. Further proof of these relationships is the presence of two sets of crosspeaks in the 
homonuclear 
31
P{
1
H} COSY NMR spectrum (Figure 2.9).  
It is noteworthy that, in the case of both complexes 1 and 2, triphenylphosphine is 
also released in solution (singlet at -5.5 ppm) in the presence of SO2. This evidence, together 
with the signal multiplicities and the crosspeaks at 53.4 and 51.1 ppm in the 
1
H/
31
P HMBC 
NMR spectrum (Figure 2.9), further support the potential formation of mono-ligated 
triphenylphosphine species. Alternatively, triphenylphosphine bimetallic species connected 
by a sulfonyl bridge could also form. Furthermore, it seems that the high reactivity of these 
species induces them to react further in the presence of high levels of SO2 (50 ppm).  
 
 
Figure 2.8 Stacked 1H NMR spectra of pure [Ru(CH=CHTolyl-4)(Cl)(CO)(PPh3)2] (2) (bottom) 
and [Ru(CH=CHTolyl-4)(Cl)(CO)(PPh3)2] in the presence of 5 ppm of SO2 (top) showing the 
methyl of the tolylvinyl group. It is evident that, in presence of 5 ppm of SO2, up to seven new 
species are formed. Also, at this gas concentration, the conversion of 2 to products is not complete. 
Chapter 2 
36 
 
 
Figure 2.9 31P{1H} COSY NMR spectrum (top) and a detail (below) of the spectrum for 
[Ru(CH=CHTolyl-4)(Cl)(CO)(PPh3)2] (2) in the presence of 50 ppm of SO2. The highlighted 
crosspeaks indicate the couplings between the four sets of phosphorus doublet resonances.  
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The further reactivity of these sulfonyl species can be attributed to the intrinsic 
reactivity of sulfur dioxide. Since the first reports probing the reactivity of SO2 with 
transition metal complexes,
51,52
 sulfur dioxide has been acknowledged as one the most 
versatile ligands in coordination chemistry. The richness of SO2 chemistry stems from the 
amphoteric properties of this compound, which allow it to react as both a Lewis acid or base, 
leading to the formation of several coordination modes and geometries with transition metals 
(Figure 2.10).
53
 
 
 
 
 
 
 
 
 
 
Figure 2.9 Detail of the 
1
H/
31
P HMBC spectrum of [Ru(CH=CHTolyl-4)(Cl)(CO)(PPh3)2] (2) in the 
presence of 50 ppm of SO2. The signals of the phosphorus nuclei between 50 - 55 ppm belong to two 
different sets of phosphines and could be related to a mono-ligated phosphino complex or a bis-ligated 
trans-bis(phosphine) complex. 
Figure 2.10 Coordination modes and geometries of SO2-metal adducts. Adapted from 
Kubas.53 
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Since it was found that complexes 3, 4 and 5 show analogous behaviour towards 
SO2 (compared to compounds 1 and 2), it can be assumed that all the vinyl complexes display 
the same reactivity regardless of the bulk of their vinyl substituents. It is also evident that the 
reaction mechanism between the 5-coordinated ruthenium vinyl compounds and SO2 is more 
complex than expected. 
Unfortunately, the experiments performed with gaseous SO2 did not lead to the 
isolation of the pure vinyl sulfinate complexes [Ru(2-OS(=O)CH=CHR)Cl(CO)(PPh3)] (R = 
phenyl, 4-tolyl, 9-phenanthrenyl, 1-pyrenyl, 6-methoxy-2-naphthyl). Instead, based on the 
evidence provided earlier, the reaction between the 16-electron vinyl complexes and SO2 
appears to lead to the formation of the isomeric sulfonyl species (a) and (b), bearing two 
phosphines in cis arrangement (Figure 2.11). The presence of these species would justify the 
appearance of pairs of doublets in the 
1
H NMR spectrum in place of the disappearing 
resonances of the α- and β-protons of the starting material (Figure 2.7), as well as the 
presence of two pairs of doublets in the 
31
P NMR spectrum. The formation of the trans-
isomer complex (c) cannot be excluded, however little evidence for its formation is observed. 
Equally, potential structural rearrangements culminating in the formation of the oxygen-
coordinated sulfinate compound (e) are not to be excluded; however, the presence of multiple 
signals in both NMR and IR spectra makes the characterisation of such species extremely 
difficult. Similarly, although complex (g) is likely to form via simple coordination of SO2, it 
was never isolated (Figure 2.11). 
Positive-ion ESI-MS revealed the presence of molecular ions for species (a) and 
(b) (m/z 857 for the reaction of complex 2 with SO2) whereas the fragmentations above m/z 
1400 appeared to belong to bimetallic ruthenium adducts. Furthermore, these latter peaks 
display the isotopic pattern and plausible fragmentations for bimetallic adducts (Appendix, 
Section B). Examination of the IR spectra confirmed the presence of different S-M binding 
modes. Stretching frequencies between 1250 - 1000 cm
-1
, typical of S=O symmetric and 
asymmetric stretching absorptions of species (a-c), were found, whereas substantial 
differences between the absorptions of the sulfonyl species and the starting materials were 
found between 900 - 720 cm
-1
. According to the literature, such features are typical of 
sulfinyl or bridged O-M-O structures.
54
 
The formation of bimetallic species could also explain the formation of excimers 
and the appearance of additional fluorescence bands in the 600-700 nm range for complexes 
3-5. The close proximity of the fluorescent vinyl groups, for example in species (d), could 
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Figure 2.11 Potential reaction pathways for 5-coordinate ruthenium(II) complexes with SO2 based on 
the results in this study. 
impart an added stabilisation to the adducts via π-stacking, which ultimately causes the 
appearance of the emission bands (Figure 2.4). 
 
 
Unfortunately, the separation of the species present in the mixture could not be 
achieved either via recrystallisation or chromatographic methods. Moreover, in the absence 
of X-ray diffraction data, the formulation of all these species remains a subject of conjecture. 
Despite the remarkable colour and fluorescence responses towards SO2, these 5-
coordinate ruthenium complexes are also reactive towards other gaseous species. Amongst 
other atmospheric gases, carbon monoxide and nitric oxide are the most likely to react with 
the ruthenium metal complexes. If so, any sensing for SO2 by this method would have to be 
performed in the absence of these interferents. 
To prove the selectivity of the ruthenium vinyl complexes towards SO2, NMR 
spectroscopy experiments in presence of mixtures of SO2/NO and SO2/CO were carried out. 
Due to the ability to generate/obtain these gases in the lab, mixtures containing the same 
concentrations of CO, NO and SO2 (100 ppm) were added to the solutions of the complexes 
and their 
31
P and 
1
H NMR spectra measured.  
While the SO2/NO mixture did not give clear indications whether sulfonyl or 
nitrosyl species were formed selectively, the experiments with SO2/CO mixtures did reveal 
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Figure 2.12 31P NMR spectrum of [Ru(CH=CHTolyl-4)(Cl)(CO)(PPh3)2] (2) in presence of a SO2/CO 
mixture. The main signal at 23.8 ppm indicates the formation of [Ru(CH=CHTolyl-4)(Cl)(CO)2(PPh3)2].  
the clear formation of the dicarbonyl complexes [Ru(CH=CHR)Cl(CO)2(PPh3)2] (Figure 
2.12), which will be explored later in this work (vide infra). It was therefore concluded that 
these coordinatively-unsaturated ruthenium complexes were more selective towards carbon 
monoxide than sulfur dioxide. 
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2.4  Summary and Conclusions 
In this Chapter, the dual role of sulfur dioxide as atmospheric pollutant and as 
biological gasotransmitter has been described. Following this brief introduction, its 
applications in the food industry and winemaking were also illustrated alongside some 
examples of colorimetric probes for SO2. 
Consequently, the contribution towards the development of colorimetric SO2 
sensors in this work was discussed. 
A series of 5-coordinate ruthenium vinyl complexes of general formula 
[Ru(CH=CHR)Cl(CO)(PPh3)2] (R = phenyl, 4-tolyl, 9-phenanthrenyl, 1-pyrenyl, 6-methoxy-
2-naphthyl) (1-5) was prepared according to slightly modified literature procedures. By 
exploiting the straightforward hydroruthenation reaction, differently substituted vinyl groups 
were covalently linked to the ruthenium(II) centre via σ-bonding. The alkynes used in this 
study were chosen for their particular optical/fluorescent properties. All the complexes were 
obtained in high yields (> 70%) and were fully characterised by NMR and IR spectroscopy 
and mass spectrometry. 
The response of these compounds towards SO2 was tested by passing the gas 
through dichloromethane solutions of the complexes and by monitoring the change in their 
optical and photophysical properties using spectrophotometric methods. 
Remarkably, all the complexes undergo a rapid colour change from red to yellow 
in the presence of the gas as well as displaying striking ‘turn-on’ fluorescence emissions. 
These coordinatively-unsaturated ruthenium complexes react incredibly readily with SO2, 
leading to a change in the coordination environment and consequent colour and emission 
changes.  
While the correlation of the colour change with the modifications of the 
coordination sphere and geometry might appear straightforward, the reasons behind the 
fluorescence turn-on response are not trivial. The characterisation of the sulfonyl species 
derived from the reaction of the complexes with SO2 in solution was attempted but without 
success. This reaction was found to produce several isomers and other species that ultimately 
could be neither isolated nor fully characterised. 
Mass spectrometry and photophysical measurements suggest the presence of 
bimetallic species, which would also support the hypothesis of excimer formation in the 
fluorescence emission spectra. 
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Despite the significant response of the complexes towards SO2, the lack of 
selectivity towards the gas (over CO, in particular) limits their suitability for the colorimetric 
and fluorimetric detection of SO2 in real-world environments. 
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3.1. Carbon monoxide: general remarks and toxicity 
In the past two decades, carbon monoxide (CO) has increasingly attracted attention 
for its surprising signalling and therapeutic role in biological systems.
1-2
 However, prior to 
these findings, this toxic gas gained notoriety as the "silent killer" due to its lack of colour, 
odour and taste. Our lack of sensory awareness of carbon monoxide has often led to its 
unwitting inhalation, leading to fatal consequences.
3
  
Before discussing the toxic properties of this gas, it is worth mentioning its 
principal physical and chemical properties. With a molar mass of 28.0 g/mol, carbon 
monoxide is slightly less dense than air and, under normal conditions, it is found in the gas 
phase (bp: -191.5 °C; mp: -205 °C).
4
 Oxygen and carbon are linked by a triple bond (length: 
112.8 pm), which is amongst the strongest known chemical bonds
2d
 (EC=O = 1072 kJ/mol), 
which makes CO an extremely stable molecule.  
Carbon monoxide plays a major role in organometallic and coordination chemistry 
and has become one of the most common ligands for transition metals. Since the pioneering 
work of Walter Hieber, metal carbonyl compounds have been reported for most elements of 
the d-block. The bonding between a carbonyl ligand and a transition metal consists of the 
well-known synergistic relationship between the formation of the σ-bond, arising from the 
overlap of the filled sp-hybridised CO orbital localised on the carbon with the transition metal 
d-orbitals, and π-backbonding, arising from the overlap of filled d-orbitals on the metal with a 
pair of antibonding π-orbitals on CO. The latter component of this bond is particularly 
favourable when the CO ligand is in the presence of a metal with filled d-orbitals, which 
indicate that the metal is in a relatively low oxidation state (typically lower than +2). When 
the π*-backbonding is extensive, the carbon-oxygen bond is weakened in favour of the 
formation of a stronger carbon-metal bond. Because of the unique character of the M-CO 
bond, the M-C distance is around 0.2 Å shorter than a metal-alkyl bond, for a given metal. 
It is precisely this strong affinity of CO for transition metals that makes it so toxic 
to humans and animals. The two globular proteins responsible for the oxygen transport in the 
bloodstream and tissues, haemoglobin and myoglobin, are the principal targets of CO, which 
competes with oxygen for binding to the prosthetic iron-porphyrin group of these proteins. 
The affinity of CO for the iron(II) centre is 210 times stronger than for oxygen, which means 
that, if CO is present at high concentrations, the oxygen carried by these proteins will be 
replaced by carbon monoxide, causing the body to enter a state of hypoxia.
5-6
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In fact, the formation of carboxyhaemoglobin (HbCO) and carboxymyoglobin 
(MbCO) induces a significant decrease in the efficiency of the oxygen transport and 
ultimately prevents the supply of oxygen to the mitochondria, which transform chemical 
energy into ATP through oxidative phosphorylation.
3
 At carboxyhaemoglobin levels higher 
than 60%, death occurs in only a few minutes.
3
 
The presence of deadly concentrations of this toxic gas in domestic and work 
environments is mainly caused by the incomplete combustion of fuels, often by improperly 
maintained appliances located in poorly ventilated spaces. Every year in the UK, over 200 
people are hospitalised with suspected carbon monoxide poisoning, which ultimately causes 
around 40 deaths.
5b
 While lethal outcomes can occur after a few minutes at extreme 
exposures to the gas (above 2000 ppm), tiredness, migraine, as well as confusion and 
dizziness, can arise from long-term exposures at low levels of CO (30-50 ppm) and are often 
overlooked as symptoms of a viral infection. Sometimes, nausea and stomach pain are also 
mistaken for food poisoning symptoms; however, unlike viral infections, carbon monoxide 
poisoning does not cause fever and its symptoms are experienced by all the subjects present 
in the confined space. It has also been reported that chronic exposure to carbon monoxide 
may often have significant impact on the central nervous system, leading to depression and 
memory loss.
6
 It is therefore clear that the detection of this gas at subtoxic concentrations 
(lower than 50 ppm) is extremely important in order to avoid these more subtle but chronic 
outcomes occurring from long-term exposure. The U.S. Environmental Protection Agency 
(EPA)
7
 has set two national health protection standards for Time-Weighted Average (TWA) 
exposure to CO of 1-hour TWA at 35 ppm and an 8-hour TWA at 9 ppm. These two 
standards clearly indicate that prolonged local exposure to CO can be considered very 
dangerous, even at relatively low concentrations, and that any readings higher than 8 ppm 
should not be ignored.  
 
3.2 Carbon monoxide detectors 
Currently, electrochemical cells and solid-state sensors are widely used as CO 
detectors. Among these technologies, electrochemical cells provide an accurate and linear 
output towards carbon monoxide concentrations and operate at room temperature with 
normal batteries with an average lifetime of 2-3 years. For these reasons and their low cost, 
this technology dominates the U.S. and European markets and they are commonly used in 
domestic environments. Although these systems have lately become much safer and more 
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reliable, it is recommended that they be sited carefully away from potential interferents (e.g., 
steam, smoke, cleaning products, fuels and hairspray) to prevent any cross sensitivity taking 
place.
8
 Such false alarms often cause the user to disable the device, leaving them unprotected. 
Moreover, the majority of domestic detectors are set off only after reaching a concentration 
of 50 ppm over a build-up period of 30 minutes; this time delay being necessary for the 
detection and the indirect calculation of the CO levels. The U.K. requirements for alarm 
response times are 60-90 mins (at 50 ppm), 10-40 mins (at 100 ppm) and within 3 minutes 
(300 ppm), which indicate that it is possible to be in the presence of 300 pm of carbon 
monoxide for up to three minutes before the alarm sounds in such devices.
8
 
Solid-state CO sensors based on semiconducting metal oxides (typically tin oxide) 
are also a valid and reliable alternative. However, the requirement of high working 
temperatures (above 400 ºC) restricts their use to specialised laboratory applications.
9
  
Optical sensors based on narrowband spectrum lasers
10
 or non-dispersive infrared 
(NDIR)
11
 methods are currently the most accurate systems for the real-time measurement of 
CO concentrations and are employed in the determination of toxic pollutants in urban air 
samples. Despite their accuracy, some cross-sensitivity is inevitable for these devices at very 
low analyte concentrations. Therefore, there is still a substantial interest in the development 
of inexpensive gas detectors capable of selectively detecting carbon monoxide at low 
concentrations, without the risk of false alarms. For this reason, researchers are currently 
looking into new chromo-fluorogenic chemosensors as a powerful alternative to the existing 
technologies. These sensors should ideally give a striking colour change visible to the naked 
eye at subtoxic concentrations of CO, as well as a significant increase in the fluorescence 
response. As described above, sensitivity, selectivity and response time are crucial parameters 
to take into account when designing such a CO sensor.  
It seems evident, given their affinity for CO, that transition metal complexes are 
the perfect candidates for this role.
 
As described in Chapter 1, the tuning of steric and/or 
electronic properties of metal complexes, and thus the electron density of the metal centre, 
offers the required fine-control over the selectivity and reactivity of the metal complex 
towards CO. This allows the formation of the metal-carbonyl bond as the driving force for a 
highly selective analyte-binding mode.
12
 Furthermore, the change in the coordination 
environment around the metal centre produces both changes in colour and, when a 
luminophore is present, in fluorescence. The various sensing mechanisms are discussed in 
Chapter 1 in more detail. Previous developments in the field of chromo-fluorogenic CO 
detection are reported in the sections 3.2.1 and 3.2.2  
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3.2.1 Chromogenic CO sensors  
In this section, some examples of the most promising transition metal-based carbon 
monoxide sensors for the detection of CO in air are discussed. As previously described in 
Chapter 1, the coordination of CO to electron-rich metal centres leads to a variation in the 
electron density at the metal and/or the modification of the spin-state, which result in a 
modification of the coordination geometry and the coordination sphere. These structural and 
electronic changes often give rise to a clear colour change. Detailed explanations of the 
sensing mechanisms are described in recent reviews.
12 
One of the first examples to be reported for the sensing of CO in air is the 
coordinatively-unsaturated iron pincer complex [FeCl2(PNP-iPr)] (PNP-iPr = N,N’-
bis(diisopropylphosphino)-2,6-diaminopyridine) described by Kirchner and co-workers.
13
 
This iron(II) complex selectively reacts with CO in a stereospecific and reversible manner, 
affording quantitatively either the cis- or trans-[FeCl2(CO)(PNP-iPr)] isomers. The 
stereospecificity of this reaction depends on the reaction conditions. In the presence of CO, 
the light yellow complex A is converted to the deep-red cis- isomer B, while retaining its 
crystallinity. In the absence of CO, the heating of complex B under vacuum results in the 
complete regeneration of A and the recovery of the initial yellow colour. This remarkable 
solid-state reaction is fully reversible up to five cycles without decomposition occurring. 
Alternatively, the formation of the deep blue trans-[FeCl2(CO)(PNP-iPr)] isomer (C) can be 
achieved by bubbling CO for 2 minutes through an acetone solution of A or by a cis-trans 
isomerisation reaction of complex B in DMSO. Although these compounds have potential as 
CO sensors due to their outstanding optical properties, improvements regarding the air-
stability and the overall handling of the compounds are needed. They also require a relatively 
high flow of CO (1 atm) for the colour changes to occur. 
 
 
 
 
 
 
 
 
Scheme 3.1 Reversible formation of species A, B, C upon reaction with CO. 
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For obvious practical reasons, chromogenic sensors should ideally display both 
selectivity and sensitivity towards the desired analyte, as well as air- and photo-stability.  
In 2010, Martínez-Máñez and co-workers reported an extremely efficient 
chromogenic system based on a binuclear rhodium complex, which shows unambiguous 
colour changes in the presence of increasing concentrations of CO.
14
 The compound cis-
[Rh2{(C6H4PPh2)2(O2CCH3)2}(HO2CCH3)2] (D), enables the detection of CO as its colour 
varies from violet to orange-yellow when air samples containing CO are bubbled into 
chloroform solutions of the complex. The colour modulations are due to the displacement of 
the carboxylic acids in the axial positions and the consequent coordination of up to two 
molecules of CO. When carbon monoxide is removed from the atmosphere, the initial violet 
colour is completely recovered up to 10 times without significant degradation of the 
compound. The great operative advantage of this system is the intrinsic reactivity of this 
probe in the solid state. In fact, once the probe is embedded on silica gel, the solid-state 
reaction takes place in a few minutes resulting in a striking change in colour visible to the 
naked eye at subtoxic concentrations of CO (50 ppm). Using diffuse reflectance methods, the 
monocarbonyl and dicarbonyl species where characterised and the detection limit calculated 
to be 0.5 ppm of CO. Moreover, the probe shows high selectivity towards carbon monoxide 
over other common gases (CO2, N2, O2, Ar, SO2, NO, NO2 and water vapour) and volatile 
organic compounds (acetone, chloroform, ethanol, formaldehyde, hexane, toluene and 
xylene).  
 
Scheme 3.2 Carbon monoxide detection mechanism using a dirhodium compound. 
 
Following these results, a family of binuclear rhodium complexes of general 
formula [Rh2{P(C6H3X)(C6H4X)2}n(O2CR)4-n]·L2 was reported, bearing one (n = 1) or two (n 
= 2) differently meta-substituted (X = H, CH3) cyclometallated phosphines, three equatorial 
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ligands (R = CH3, CF3, or tBu) as well as four axial ligands L2 (L = CH3CO2H, CF3CO2H, 
tBuCO2H, or H2O).
15 
By combining the electron-withdrawing/donating properties of the 
equatorial and axial ligands, it was found that it was possible to tune the level of electron 
density on the rhodium centre, and thus modulate the d-π* back-donation in the M-C bond. 
This was found to correlate to the kinetics of CO release, as stronger back-donation 
corresponds to a diminished ability to release the two carbonyl groups and to recover the 
initial colour.  
This short overview of chromogenic CO sensors, is completed by a significant 
example of a molecular probe using an heterogeneous approach reported by Dunbar et al.
16 
These contributions describe the synthesis and CO binding studies of zirconia and titania 
glasses impregnated with the rhodium(I) complex [Rh(CO)(TMPP)2)]BF4 (TMPP = 
tris(2,4,6-trimethoxyphenyl)phosphine) (G). This unusually air-stable rhodium complex 
undergoes a reversible reaction with carbon monoxide forming the dicarbonyl species 
[Rh(CO)2(TMPP)2)]BF4 (H). The incorporation of G into porous sol-gel derived titania and 
zirconia composite films enables the use of the molecular probe in the solid state using both 
spectroscopic (IR and UV-Vis) and electrochemical techniques. Mixtures of CO/Ar 
containing less than 2% of CO can be detected through the quantitative interconversion 
between the two species; however, this conversion appears to be less quantitative at lower 
concentrations. This demonstrates that, not only can immobilisation of the probe be achieved 
via facile impregnation with a dichloromethane solution, but, most importantly, it facilitates 
the diffusion of CO as well as its reversible binding to the probe.  
 
 
 
 
 
 
 
Scheme 3.3 Reactivity of immobilised rhodium(I) complexes with CO. 
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3.2.2  Chromo-fluorogenic CO sensors  
To our knowledge, the first fluorogenic CO probe ever reported is a ruthenium(II) 
complex (I) bearing a hemilable phosphine pyrene ether.
17
 This compound reacts rapidly at 
room temperature with carbon monoxide producing a remarkable monomer-to-excimer 
emission. This blue-to-green emission switching indicates the formation of the more 
thermodynamically stable isomer K via the partial displacement of the hemilable ligand and 
occurs when the initial compound I is treated with CO under irradiation (Scheme 3.4). The 
strong excimer green emission is observed in both concentrated (10
-2
 M) and diluted (10
-6
 M) 
solutions and is due to the favoured inter- and intramolecular -stacking of the pyrene units. 
As the conformational freedom increases on going from species I to J, the interaction 
between the pyrenyl groups acts as stabilising factor in the isomerisation mechanism that 
leads to the formation of K. Air samples containing 0.05 % (ca. 850 ppm) CO could be 
detected by measuring the emission variations in a 10
-6
 M dichloromethane solution of J. 
Despite the remarkable luminescence response, as well as the evident colour change from red 
to greenish yellow occurring within seconds after the exposure to CO, this compound (and 
the later series reported by Matkovich et al.
18
) lacks selectivity, as it also readily reacts with 
several Lewis basic small molecules (e.g., SO2).
19 
  
Scheme 3.4 Reaction of I with CO and the formation of K. 
 
More recently, Chung and co-workers also exploited the reactivity of various 
transition metals (rhenium, ruthenium and iridium) towards CO by developing two families 
of bimetallic complexes, all bearing a bifunctional 1,10-phenanthroline N-heterocyclic 
carbene ligand (Scheme 3.5).
20
 The sensing mechanism is the result of the interaction of two 
regions of the molecule, a recognition unit and a luminescent reporting unit, connected by the 
phen-NHC ligand. The coordination of CO to the rhodium and iridium centres (recognition 
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units) through the displacement of the 1,5-cyclooctadiene ligand (cod) produces a change in 
the electronic properties of the bimetallic systems, which results in an increase in the 
quantum yields of the emissive luminescent units (ruthenium or rhenium). Despite the 
interesting structural features, this series of heterobimetallic complexes only reacts with CO 
at very high concentrations (1000 ppm). 
 
 
 
 
 
 
 
 
 
Scheme 3.5 Iridium, rhodium and rhenium bimetallic complexes and their reactivity towards CO. 
 
Inspired by this work is the more recent study involving a series of group 8, 9 and 
10 metal complexes bearing an N-heterocyclic carbene (L) coupled to a boron 
dipyrromethene (BODIPY) fluorophore.
21 
Like the previous contribution, these compounds 
were found to be reactive towards carbon monoxide via a ligand-exchange reaction. When 
the electron-donating 1,5-cyclooctadiene (cod) ligand is quantitatively substituted by the 
stronger π-acceptor CO, the revival of a strong fluorescence emission (Φ = 0.58 − 0.65) takes 
place via photoinduced electron transfer (PET). The rhodium and iridium chloride complexes 
[(L)MCl(COD)] were found to be the most reactive species, showing a dose-related 
fluorescence response within seconds upon exposure to CO and a detection limit of 1 
nanomole of CO.  
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Scheme 3.6 The BODIPY-based complexes as CO sensors.  
  
In contrast to the metal probes designed using the ‘chemodosimeter’ approach and 
described so far, the fluorogenic chemosensor developed by Liu and co-workers (Scheme 
3.7) achieves the detection of CO in aqueous solution through a palladium-catalysed Grushin 
azidocarbonylation reaction
22
 in the presence of sodium azide. Starting from the weakly 
emissive iodonaphthalene precursor (L), the resultant strongly fluorescent aminonaphthalene 
product (M) can be easily generated at room temperature in the presence of moderate to high 
levels of CO.
23
 
Thanks to the 100-fold enhancement in the fluorescence quantum yield, CO can be 
detected with the naked eye in the range of 50-1000 ppm when the compound is either 
impregnated onto a paper strip or simply in solution. The bright-blue fluorescence emission is 
visible to the naked eye upon irradiation with a UV-lamp and the modulations in the 
fluorescence emissions can also be distinguishable in the presence of different concentrations 
of CO. Despite showing substantial selectivity over other gases and volatile organic 
compounds, the detection range of this probe is far above the onset of CO toxic 
concentrations. 
 
 
 
 
 
 
Scheme 3.7 CO-mediated diazotisation/iodisation reaction of probe L. 
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3.3 Chromo-fluorogenic detection of CO in air using 
ruthenium(II) and osmium(II) vinyl complexes  
Taking into account the developments outlined in the short introduction above and 
following the work already described in Chapter 2, the possibility of using ruthenium(II) and 
osmium(II) vinyl complexes as sensitive, selective, colorimetric and fluorimetric probes for 
the sensing of CO was explored. By exploiting their known ability to react with this small, 
neutral molecule,
24
 two families of ruthenium(II) and osmium(II) alkenyl complexes were 
prepared and their potential for use in CO sensing was investigated.  
The well-established synthetic routes
25
 and extensive studies
26-32
 described in 
Chapter 2 were used as the starting point for the development of a whole new family of 
molecular sensors. Although these molecular probes are very similar to each other in terms of 
their structure and, to some extent, their preparation, the sensing mechanisms involved are 
substantially different. For clarity, the two families of probes will be termed the BTD and 
TBTD series, in reference to 2,1,3-benzothiadiazole (BTD) and 5-(3-thienyl)-2,1,3-
benzothiadiazole (TBTD), which are the groups displaced upon addition of CO and which 
initiate the sensing mechanisms. 
 
In this Chapter, the results for the family of BTD complexes will first be described 
and these will then be compared to the findings for the TBTD derivatives (Paragraph 3.4). A 
short discussion of the ratiometric detection of CO will conclude this Chapter. 
 
 
3.3.1  Synthesis of the complexes (BTD series)
33
 
Similarly to the compounds discussed in Chapter 2, this series was synthesised 
through the straightforward hydrometallation of the metal hydride precursors with 
commercially available alkynes in almost quantitative yields. However, unlike the 16-
electron compounds described previously, these complexes of general formula 
[M(CH=CHR)Cl(CO)(BTD)(PPh3)2] (M = Ru, Os) are coordinatively-saturated. The 
presence of the labile 2,1,3-benzothiadiazole (BTD) ligand trans to the vinyl group joins two 
triphenylphosphines, a carbonyl unit and a chloride to complete the coordination sphere of 
these 18-electron octahedral complexes. 
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Scheme 3.8 Structures of the ruthenium and osmium vinyl BTD complexes (6-13). 
 
These bright red (ruthenium) and purple (osmium) 18-electron compounds can be 
prepared via two different routes (Scheme 3.9), depending on the metal involved. Synthetic 
route 1 involves the addition of the alkyne to a dichloromethane solution of 
[RuHCl(CO)(PPh3)3] at room temperature, followed by the addition of a slight excess of the 
BTD ligand (one-pot procedure). Also, through the exchange of the triphenylphosphine with 
the BTD ligand, [RuHCl(CO)(BTD)(PPh3)2] can be easily prepared and then used for the 
hydroruthenation step (two-step procedure). Due to the strength of the Os-P bond in 
[OsHCl(CO)(PPh3)3], direct hydrometallation of alkynes by this complex is much less facile. 
Alternatively, Route 2 involves the addition of the alkyne to a dichloromethane solution of 
the BTD-hydride compound [MHCl(CO)(BTD)(PPh3)2] (M = Ru, Os), previously obtained 
from the reaction of the BTD with the metal triphenylphosphine hydride precursor. While the 
ruthenium complexes can be easily prepared by either of the routes in excellent yields and 
crystallinity, the osmium complexes were exclusively synthesised via route 2.
31g 
 
The compounds were isolated by recrystallisation from DCM-ethanol mixtures and 
were fully characterised via 
1
H, 
31
P NMR and IR spectroscopy as well as elemental analysis 
and mass spectrometry (ES-MS).  
 
 
 
 
 
 
 
 
 
 
Scheme 3.9 Synthesis of the vinyl complexes via routes 1 and 2.  
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In accordance with the spectroscopic data reported for analogous complexes in the 
literature, the 
31
P NMR signals are observed between 26 and 29 ppm for the ruthenium 
complexes and appear at about -1 ppm for the osmium derivatives; the signal multiplicity 
(singlet) confirms the presence of mutually trans phosphines.  
Characteristic resonances in the 
1
H NMR spectra confirm the formation of σ-vinyl 
complexes with a doublet of triplets corresponding to the alkenyl α-proton being located far 
downfield in either the 8.0 – 9.0 ppm region (ruthenium compounds) or the 9.7 - 10.6 ppm 
region (osmium compounds). The stereochemistry of the complexes with the two 
triphenylphosphine ligands in a mutually trans arrangement is also confirmed by the typical 
JHP coupling values (ca. 2.5 Hz). The alkenyl β-proton is generally situated between 5.0 to 
6.0 ppm, showing a typical JHH coupling with the α-proton of 15 - 18 Hz. The magnitude of 
this coupling is consistent with E-regiochemistry for these protons. 
The low-field chemical shifts of the α-proton resonances are joined by those of the 
σ-donor BTD ligand coordinated trans to the vinyl unit. While the features for the BTD 
ligand appear as broad resonances and are often only partially visible due to the other peaks 
in the aromatic region of the 
1
H NMR spectra, the chemical shifts and multiplicity of the 
alkenyl protons are almost always easily identifiable. Furthermore, the solid state IR spectra 
of these compounds show typical CO stretches between 1950-1900 cm
-1
. 
Due to the high degree of crystallinity of these compounds, suitable crystals for 
single X-ray diffraction were obtained (Figure 3.1) by diffusion of ethanol into 
dichloromethane solutions of the complexes. The crystal structures of BTD complexes with 
three different vinyl ligands (6, 10 and 13) have been obtained and are discussed in Section 
3.3.3. 
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PR PR·CO 
3.3.2  Reactivity towards CO 
Once the series of ruthenium and osmium derivatives had been prepared, the 
reactivity of these complexes towards CO was studied using spectroscopic (NMR) and 
spectrophotometric methods (UV-Vis, fluorescence) and the characterisation of the resulting 
dicarbonyl complexes was undertaken.  
In accordance with observations in the literature,
 24
 the complexes undergo a ligand 
exchange reaction in the presence of carbon monoxide. Bright red chloroform solutions of the 
ruthenium complexes 6, 8-12 changed colour to light-yellow when CO-containing air 
samples were bubbled through their solutions. In contrast, the osmium complexes 7 and 13 
displayed a colour change from purple to light yellow upon reaction with CO. The observed 
colour modulations are consistent with the formation of the corresponding dicarbonyl 
complexes, through displacement of the BTD ligand (Scheme 3.10). 
 
 
 
 
 
 
 
 
The quantitative conversion from PR to PR·CO was monitored via 1H and 31P 
NMR spectroscopy and the resulting dicarbonyl products were fully characterised by NMR 
and IR spectroscopy, mass spectrometry (ES-MS) and elemental analysis. Although this 
reaction does not lead to a significant change in chemical shift in the 
31
P NMR spectra, the 
formation of the dicarbonyl species is clearly observed through changes in the 
1
H NMR 
spectra.  
As shown below for compound 11 (Figure 3.1), it is evident that the exchange of 
the BTD ligand with CO produces significant variations in the α-proton (upfield) and β-
proton (downfield) chemical shifts. This is consistent with the decrease in electron density of 
the ruthenium centre when the superior σ-donor BTD is substituted by the π-acceptor 
carbonyl ligand.  
Scheme 3.10: Formation of the dicarbonyl complexes PR·CO from the BTD adducts PR. 
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Figure 3.1 1H NMR spectra in DCM-d2 show conversion from compound 11 (bottom, 0 eq) to 11·CO 
(top, 1 eq). 
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As a consequence of the change in electron density from the coordination of the 
CO ligand, the resonances of the phosphines and the methoxy-6-naphthyl unit shift downfield. 
Moreover, the displacement of the labile 2,1,3-benzothiadiazole ligand produces a slight shift 
towards a higher chemical shift value and the recovery of the signal multiplicity for the 
liberated, free ligand. 
Although it appears clear that the changes in the 
1
H NMR spectra are caused by the 
displacement of the BTD ligand and the formation of the dicarbonyl complex in a 1:1 ratio, 
the exact stoichiometry of the reaction can be determined according to the variation method, 
by plotting  
 
     
[11·CO]t vs. the molar fraction of 11·CO. In this case, n and m are the 
integrations of the proton NMR signals of the species 11 and 11·CO respectively (Appendix). 
 
 
 
 
 
 
 
 
Figure 3.2 The Job plot confirms the 1:1 stoichiometry of the reaction in which one equivalent of 11 
reacts with one equivalent of CO to afford one equivalent of 11·CO. 
 
The reaction can also be represented by plotting the percentages of conversion of 
species 11 into 11·CO as a function of the equivalents of CO passed through the solution of 
the ruthenium BTD complex (Figure 3.3). 
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Figure 3.3 Conversion of 11 into 11·CO as a function of the equivalents of CO added. 
This titration experiment was performed by adding increasing concentrations of 
CO gas to a DCM-d
2
 solution of complex 11 (0.008 M), until the complete conversion from 
11 to 11·CO was complete. The concentrations of the two species 11 and 11·CO were 
determined using tetramethylsilane (TMS) as a reference in a sealed capillary. Further details 
are given in the Appendix. 
From these experiments, it is evident that the variations in colour, from red to light-
yellow for the ruthenium complexes and from purple to yellow for the osmium analogues, are 
due to the exchange reaction between BTD and CO, as no other side reactions and/or 
generation of byproducts were observed (e.g. formation of an acyl through insertion into the 
alkenyl bond) under these pressure and temperature conditions. Using similar techniques to 
those employed to crystallise the BTD compounds, suitable crystals for X-ray diffraction 
were obtained for 6·CO and 9·CO (Section 3.3.3). It is not surprising that the displacement 
of the BTD ligand produces striking modulations in the optical properties of these complexes, 
as this heterocycle is widely employed for its charge-transport properties in the fabrication of 
organic photovoltaic materials.
34
 Although the BTD main absorption bands are not observed 
in the visible spectrum, the binding of this ligand to the ruthenium(II) and osmium(II) confers 
the complexes both high crystallinity and enhanced visible properties, which can be exploited 
in this research to sense CO. 
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Compound  Before and after CO addition 
8 
 
 
13 
 
 
Figure 3.4: Dichloromethane solutions of compounds 8 and 13 before and after addition 
of carbon monoxide 
 
 
3.3.3 Structural characterisation 
Several crystal structures of transition metal complexes containing phosphines and 
vinyl ligands have been reported in the literature.
25
 The molecular structures obtained during 
this study are all very similar, as they contain one metal centre with two bound 
triphenylphosphine ligands in mutual trans position, a CO molecule, a chloride and, in the 
case of the BTD moieties, the BTD heterocycle trans to the vinyl ligand. This results in a 
slightly distorted octahedral geometry. In general, the participation of the empty π*-orbitals 
of the vinyl ligands in back-bonding interactions results in a shortened metal-carbon bond, 
which also influences the orientation of the vinyl ligand with respect to the carbonyl. The 
contribution of these π*-orbitals of the vinyl ligand is even more evident when another π-
acceptor, such as the carbonyl ligand, is bound to the metal centre trans to the vinyl (e.g., in 
the dicarbonyl complexes). In these compounds, there is a strong competition for the d-π* 
back-donation, which induces the vinyl ligand to assume a more tilted orientation to achieve 
higher stability.
35
 
As mentioned in Section 3.3.1, various crystal structures of BTD complexes 
bearing three different vinyl ligands have been obtained (6, 10 and 13) as well as the crystal 
structures of two dicarbonyl complexes (6·CO and 9·CO), formed after the addition of 
carbon monoxide to their BTD precursors. Detailed crystallographic data are collected in the 
Appendix.  
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Figure 3.5. From left to right, top to bottom: crystal structures of compounds 10, 13, 6, 6·CO and 
9·CO, shown with 50% probability ellipsoids.   
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Surprisingly, the structures of 6, 10 and 13 are the first examples of structurally-
characterised alkenyl complexes bearing the BTD ligand. By comparing these structures with 
that of the hydride precursor, [RuHCl(CO)(BTD)(PPh3)2],
36
 it is clear that a substantial 
reorganisation of the ligands occurs around the metal centre during the hydrometallation 
reaction, as the original cis orientation of the BTD group with respect to the hydride is 
replaced with the more stabilised trans orientation. The length of Ru-C(CO) bond (1.818(7) Å) 
in [RuHCl(CO)(BTD)(PPh3)2] is comparable to the Ru-C(CO) bond length of 6 (1.824(3) Å) 
and 10 (1.827(3) Å), whereas the Os-C(CO) length is longer, as consequence of the larger 
osmium centre. For the same reason, it would be expected that the Os-N distance (2.2073(19) 
Å) in 13 would be similar to, or longer than, the Ru-N bond length of the analogous 
ruthenium complexes. However, it is found to be significantly shorter (dRu-N in 1 is 2.238(3) 
Å). This observation could be attributed to the reduced steric hindrance of the vinyl group 
with respect to the more bulky naphthylvinyl (10) and pyrenylvinyl (6) complexes.  
In addition, it is noteworthy that the Ru-C(C=O) bond distances of the two carbonyl 
ligands in the dicarbonyl complexes 6·CO and 9·CO show substantial differences; in fact, 
the Ru-C(C=O) bond trans to the vinyl is significantly elongated by about 0.1 Å. Moreover, the 
greater M-C(vinyl) bond distance can be explained by the presence of the competitive trans 
back-bonding influence of the additional CO.  
  
Table 3.1 Relevant bond distances (Å) for the divalent vinyl complexes discussed in 
this Section 
 6
[37] 6·CO[37] 13 10 9·CO 
dM-Cco 1.824(3) 1.857(2) 1.831(2) 1.827(3) 1.858(6) 
dM-Cl 2.4663(7) 2.4472(5) 2.4591(6) 2.4673(8) 2.4688(14) 
dM-Cvinyl 2.048(3) 2.104(2) 2.068(2) 2.061(3) 2.115(5) 
dM-N 2.238(3) - 2.2073(19) 2.248(3) - 
dM-Cco2 - 1.957(2) - - 1.971(6) 
dM-P1 2.4064(7) 2.4126(5) 2.3878(6) 2.3920(9) 2.4061(14) 
d M-P2 2.4099(6) 2.4060(5) 2.4158(6) 2.4114(9) 2.4037(14) 
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Figure 3.6 UV-Vis spectra of chloroform solution of compound 6 (solid) and 6·CO (dashed) 
(10-4 M) and the accompanying change in colour (red to yellow). 
3.3.4 Chromogenic detection of CO in air 
Following the preparation and successful characterisation of both BTD and 
dicarbonyl compounds, the spectroscopic study of the chromo-fluorogenic response of these 
probes was carried out in close collaboration with Dr. María Moragues Pons (Polytechnic 
University of Valencia). The precedence for this is the clear visual response on reaction of the 
probes with CO in the form of a colour change.  
The change in colour from either red to yellow (ruthenium vinyls) or from purple 
to yellow (osmium vinyls) is visible after bubbling CO through chloroform solutions of the 
complexes for just few seconds. It is clear that the change in colour is connected to the 
disappearance of the broad band at approximately 400 nm and the increased intensity of the 
band at approximately 300 nm in the UV-Vis spectra of complex 6 (Figure 3.6), as a 
representative example. This can be traced to the release of the BTD ligand in solution and 
the disappearance of the electronic metal-to-ligand (or vice versa) transitions between this 
ligand and the ruthenium centre. The intensification of the band at lower wavelengths (~300 
nm), which can be assigned to the π-π* transition centred on the pyrenylvinyl unit or perhaps 
to other possible metal-ligand transitions, indicates that the formation of the ruthenium 
dicarbonyl moiety and the concomitant displacement of the BTD have a great impact on the 
resulting electronic transitions.  
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Similar results in solution were obtained for all members of the series in the study 
(see Appendix, Section C). Encouraged by these very promising spectrophotometric results in 
solution, it was decided to extend the investigations to the detection of CO in air. For this 
purpose the idea of using the probes in solution was set aside in favour of a more practical 
solid state approach. The interest in testing the probes directly in the solid state goes beyond 
simple scientific curiosity, as this aspect could enable the future use of these probes as actual 
CO detectors through the incorporation of these compounds in polymeric supports, fibres or 
in optoelectronic devices. 
Inspired by the work of Moragues et al.,
15
 the eight BTD complexes were adsorbed 
on silica gel for chromatographic use and their chromogenic response toward CO in air was 
then tested. The adsorption of probes 1-13 on the inorganic matrix was achieved by 
dissolving each complex in a minimum amount of chloroform followed by the addition of 
conventional lab silica in a 1:250 weight ratio. In this way, orange (compounds 6, 8-12) and 
purple solids (compounds 7, 13) were obtained and used one hour after preparation (see the 
Appendix for full details of the silica adsorbed probes). The change in colour in the presence 
of CO was measured via diffuse reflectance UV-Vis spectroscopy. 
 
 
 
 
  
Figure 3.7 Diffuse reflectance spectra of compounds 6/6·CO (left) and 7/7·CO (right) 
adsorbed on silica gel and the colour response at 0 and 100 ppm (6/6·CO) and 0 and 50 ppm 
(7/7·CO). 
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As shown in the diffuse reflectance spectra and the respective pictures of 
compounds 6 and 7 in Figure 3.7, the coloured probes adsorbed on silica undergo a dramatic 
colour change within few seconds of being exposed to 50 and 100 ppm of carbon monoxide. 
Significant colour modulations are also visible to the naked eye at subtoxic concentrations of 
CO (below 50 ppm). Encouragingly, the chromogenic response of these probes was found to 
be superior in terms of sensitivity to the CO probes reported in the literature so far. In fact, 
the naked-eye detection of carbon monoxide is possible at concentrations lower than 8-10 
ppm (Figure 3.8), which is the maximum recommended level of CO for prolonged exposures 
(Section 3.1).  
Similar to the detection in solution, these modulations in colour are all consistent 
with displacement of the BTD ligand in favour of formation of the dicarbonyl vinyl 
derivatives through the coordination of CO.  
 
Figure 3.8 The colour variations of probes 7-10 adsorbed on silica gel in the presence of increasing 
amounts of CO (ppm) are collected above and in the sensing colour wheel. 
 
To prove the efficiency of these probes in the detection of CO at very low 
concentrations, all the compounds were exposed to increasing levels of CO in both solution 
and in the solid state, and the colour change was monitored via spectrophotometric 
techniques. These CO titration measurements were performed by carefully exposing the 
samples to air/CO mixtures with a known CO content. By establishing the extinction 
coefficient (ε) of each pair of complexes (PR and PR·CO), it was possible to correlate the 
amount of CO used to form the dicarbonyl species PR·CO at all times. Not only did these 
experiments allow the determination of the limits of detection of the probes, but they also 
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gave a clear indication of the validity and reproducibility of the measurements as well as the 
related errors (systematic or random). According to these observations, a standard CO-
titration experiment set-up was established in order to optimise the reproducibility and the 
consistency of the experiments with the gas. To this end, the CO titrations were performed in 
a quartz cuvette fitted with a plastic cap and equipped with an exit needle. The CO/air 
mixtures were slowly bubbled into the solutions with a flow rate of about 5 mL/min. These 
precautions were used in order to prevent the evaporation of the organic solvent (and thus to 
prevent the variation of the concentration of the probes) and, most importantly, to ensure that 
all the CO present in the CO/air mixtures would react with the metal vinyl probes. This latter 
point is of critical importance considering the low solubility of carbon monoxide in 
solution.
38
  
Moreover, in order to further ensure the reliability of the results, UV-Vis calibration 
curves were obtained for each compound of the series. Each calibration curve was determined 
by plotting the absorbance values (at a certain wavelength) obtained in at least five 
spectrophotometric measurements towards the corresponding CO concentrations. The values 
at each concentration are grouped into sets where the average absorbance value and the 
standard deviation could be calculated. The experiments were considered reproducible when 
the standard deviation of every set of measurements was found to be within a 2% error. The 
average absorbance values of each set was then determined and used for the extrapolation of 
the UV-Vis calibration curves, which were then largely employed to verify the correct 
execution of the titration experiments with both UV-Vis and fluorescence spectroscopies. 
Figure 3.9 Extrapolation of the calibration curve of compound 10 (10-5 M, dichloromethane solution) 
from the data reported in the table by using the described method.  
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These considerations become crucially significant when measuring the fluorogenic 
properties of the probes with a spectrofluorimeter. Unlike classical UV-Vis methods, the 
emission intensities are not directly proportional to the concentrations of the species in 
solution and therefore the formation of PR·CO species cannot be verified at all times. The 
fluorogenic behaviour of the probes is thoroughly discussed in Section 3.3.5.  
The experiments with the probes adsorbed onto silica gel were run in a slightly 
different way: the solids were placed in glass containers fitted with a rubber septum after 
which all the air was replaced with the appropriate CO/air mixture. The diffuse reflectance 
measurements were run after exposing the samples to the CO/air mixtures for at least 3 
minutes. 
Due to these optimised experimental procedures, it was possible to obtain reliable 
results and determine the spectrophotometric and "naked-eye" limits of detection. Further 
discussion of the determination of the limits of detection can be found in section 3.3.6. 
 
 
3.3.5 Fluorogenic detection of CO in air 
Encouraged by the successful chromogenic response shown by this series of 
complexes, further studies were carried out to determine whether some of these probes could 
sense CO through the generation of a luminescent response. Probes 6, 7, 10-12, bearing vinyl 
groups with highly fluorescent substituents such as 1-pyrenyl, 2-naphthyl, 6-methoxy-2-
naphthyl and 9-phenanthrenyl, were used in this study. It was anticipated that the conversion 
between the probes PR to the respective CO adducts PR·CO could be able to modulate the 
fluorescent properties of these emissive vinyl groups and thus reveal the presence of the gas 
in the atmosphere. The fluorescence emission of each of the probes was measured with 
increasing concentrations of carbon monoxide, which were carefully bubbled through the 
solution as described in Section 3.3.5. For the first set of measurements, the UV-Vis 
spectrophotometer was used in parallel with the spectrofluorimeter to estimate the amount of 
PR·CO formed and how this corresponded to the amount of CO bubbled in solution. Using 
the calibration method discussed in Section 3.3.4, the inherent errors involved could be 
successfully minimised and consistent results obtained.  
Of all the compounds in the series, the ruthenium pyrenylvinyl complex showed 
the most outstanding response in terms of both emission enhancement and detection limit.
37
 
In fact, as shown in Figure 3.9, an impressive 36-fold enhancement in the fluorescence 
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emission was observed when a 10
-4
 M solution of the compound was exposed to 100 ppm of 
CO. Similar to the chromogenic response, the poorly emissive [Ru(CH=CHPyr-
1)Cl(CO)(BTD)(PPh3)2] (6) compound becomes highly fluorescent when it is converted to 
the dicarbonyl derivative [Ru(CH=CHPyr-1)Cl(CO)2(PPh3)2] (6·CO).  
It was discovered that this outstanding fluorogenic response allows the detection of 
CO down to levels as low as 1 ppb.  
In reference to the work of Martinez-Mañez et al.,
15
 along with the change in colour, 
the emission fluorescence was also appreciable when the BTD complex impregnated onto a 
cellulose strip was exposed to CO: in fact, under irradiation by a standard laboratory UV-
lamp (350 nm) (Figure 3.10, inset), the increase in the emission intensity was immediately 
apparent. 
 
Figure 3.10 Above, the turn-on fluorescence response (λex = 355 nm) of a 10
-4 M dichloromethane 
solution of 6 upon addition of increasing concentrations of CO (from 0 to 100 ppm). Below, from left 
to right, the original colour of ruthenium compound 6, silica-adsorbed 6, and the silica-adsorbed solid 
upon reaction with CO. On the right, a picture of 6 and 6·CO under the UV lamp (λex = 365 nm) when 
immobilised on a cellulose strip. 
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Similarly, the other complexes displayed analogous switch-on fluorogenic 
behaviour (from non-fluorescent to fluorescent), however to a lesser degree. In the same 
manner, the detection limits were found to be far below the CO toxicity threshold for humans 
and significantly lower than the optical limit of detection. This substantial increase in 
sensitivity was indeed expected, considering that fluorescence spectroscopy is the most 
sensitive among the spectrophotometric techniques. 
 
Figure 3.11 Turn-on fluorescence response (λex = 492 nm) of a 10
-4 M chloroform solution of 11 upon 
addition of increasing concentrations of CO. 
 
 
 
3.3.5.1  Characterisation of the excited state emission 
Although the colour modulations can be easily explained by the change in the 
coordination sphere around the metal centre, an in-depth understanding of the fluorogenic 
behaviour is not so straightforward. Nonetheless, it is evident that the binding of the BTD 
ligand to the ruthenium has a dramatic influence over the luminescence emission and plays a 
major role in the quenching mechanism that suppresses the fluorescence emission originated 
from the vinyl ligand. It appears that the exchange of the ancillary σ-donor BTD ligand with 
the more π-acceptor CO is the key to initiating the fluorescence turn-on response.  
Based on this premise, it is expected that the PR·CO fluorescence emission is not 
just a simple π*-π charge transfer centred on the polyaromatic fluorophore (Ligand-Centred, 
LC) but is instead characterised by a more complicated emission mechanism involving the 
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orbital energy levels of the metal. As the vinyl fluorophores are covalently bound to the 
metals, it is likely that the emission turn-on is caused by a charge transfer between the vinyl 
ligand and the metal (LMCT) or a photoelectron transfer mechanism (PET). 
The spectral characteristics of the fluorescence emissions, such as the emission 
maxima, Stokes shifts and the fluorescence lifetimes of the CO-generated PR·COs, seem to 
corroborate this hypothesis. In fact, by comparing the spectral characteristics of the PR·CO 
species towards the respective organic fluorophores, it is clear that the emission revivals are 
not characterised by a simple ligand-centred charge transfer mechanism. For example, in 
Figure 3.12 the emission spectra of 1-ethynylpyrene (a) and that of the ruthenium 
pyrenylvinyl dicarbonyl complex 6·CO (b) are shown: while the spectrum of the fluorophore 
displays the characteristic sharp bands of the pyrene transitions (a, solid) with a Stokes Shift 
of 40 nm (λex = 350 nm, λem = 390 nm), the spectrum of the complex consists of only one 
main band (b, solid) centred at 475 nm (Stokes Shift of ca. 120 nm) where the pyrenylvinyl 
transitions are not well defined. This kind of band is typical of luminescent ruthenium and 
osmium complexes that display MLCT or LMCT contributions.
39
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 UV-Vis (dashed) and emission (solid) spectra of 10-4 M dichloromethane solutions of 1-
ethynylpyrene (a) and 6·CO (b).   
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Finally, the measurement of the fluorescence lifetimes highlighted the difference 
between the radiative decays of the two species and indirectly confirmed the influence of the 
metal in the fluorescence emission of 6·CO. Moreover, it is through the determination of the 
radiative constants kobs and the related fluorescence lifetimes τ, that it is possible to 
understand how long a molecule remains in an excited state prior to returning to the ground 
state. Besides pH, concentration and viscosity, energy transfer phenomena have a major 
influence on the fluorescence lifetimes.
40
 In this context, the lifetime decay of 10
-5
 M 
dichloromethane solutions of 1-ethynylpyrene and 6·CO were measured. The solutions were 
thoroughly degassed prior to the experiment in order to prevent oxygen from quenching the 
molecular excited states. 
From these measurements, the fluorescence lifetime τ of the complex 6·CO (70 ns) 
was found to be about three times longer than the lifetime of the organic fluorophore (19 ns), 
suggesting that the radiative decay of the long-lived species is indeed likely to occur via a 
charge transfer process. Also, the fact that organic fluorophores display very short lifetimes 
(ca. 0 − 5 ns) compared to transition metal complexes (ranging from nanoseconds to 
milliseconds) supports our hypothesis.  
 
Figure 3.13 The monoexponential decays measured for 1-ethynylpyrene and 6·CO dichloromethane 
solutions (10-5 M).  
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Although pyrene and pyrene derivatives are relatively long-lived species,
41
 the 
difference between the organic fluorophore and the complex are significant considering that 
the same solvent system and concentrations were used. Furthermore, similar and more 
striking results were found for compound 11·CO and 2-ethynyl-6-methoxynaphthalene, 
which display fluorescence lifetimes of 10 and 0.9 ns respectively (Appendix, section C). 
 
3.3.6 Sensitivity of the probes 
As previously described in Chapter 1, the detection limit (DL) or limit of detection 
(LOD) is the lowest quantity of a substance that can be detected and distinguished from a 
blank sample within a typical confidence interval of 99%. In the context of this project, the 
limit of detection is considered to be the minimum amount of CO needed in order to achieve 
a significant change in the chromo-fluorogenic properties of the probes. As far as the "naked-
eye" detection limit is concerned, the limit of detection is the amount of CO (measured in 
ppm) that produces a clearly visible modulation in colour. Similarly, the determination of the 
spectrophotometric limit of detection can be carried out using a graphical method. As 
illustrated in Figure 3.14, this method is based on plotting the variation in absorbance at a 
certain wavelength (typically at the absorption maxima) towards the logarithm of the ppm 
values of CO (left). It follows that the detection limit is the ppm value at the intersection of 
the linear data fittings (right).  
By using this method, the limit of detection for each probe could be determined 
using diffuse reflectance (UV-Vis on solid) and fluorescence (in solution) techniques, as well 
as with the naked eye. The results are reported in Table 3.2 below and a complete collection 
of the spectra in addition to the ones in Figure 3.14 can be found in the Appendix (Section C). 
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Figure 3.14 The diffuse reflectance spectra (%R) of complex 6 (left) in the presence of increasing 
concentrations of CO (from 0 to 100 ppm, selected curves). The values of reflectance at 474 nm of the 
spectra at obtained in presence of 10-5, 10-4, 0.001, 0.01 and 0.1 ppm are plotted against the logarithm 
value of CO concentration. The detection limit is found as the intersection of the two resulting linear 
fittings (right). 
 
 
 
Table 3.2 Limits of detection (ppm) for complexes 6-13 in the presence of CO. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Detection limits (ppm) of CO 
Compound UV-Visible Fluorescence Naked eye 
6 
0.006 0.001 0.005 
7 
0.19 - 0.5 
8 
0.1 - 0.5 
9 
0.084 - 0.5 
10 
0.65 - 5 
11 
4.07 0.001 5 
12 
0.60 0.01 5 
13 
0.015 - 0.5 
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To summarise, all the probes in the series showed an extraordinary 
spectrophotometric and naked-eye response towards CO with limit of detection far below the 
toxic levels; among them, compound 6 shows exceptional DLs, being the only compound 
displaying a naked-eye detection limit almost as sensitive as the one determined through 
fluorescence. 
 
 
3.3.7 Selectivity of the probes 
Once the sensitivity of the probes had been verified, the selectivity of the probes 
towards carbon monoxide was investigated against various potential interferents. The 
chromogenic and fluorogenic properties of the complexes were monitored in the presence of 
steam, volatile organic compounds (acetone, chloroform, ethanol, formaldehyde, hexane, 
toluene and acetonitrile) and various atmospheric and less-common gases (CO2, N2, O2, Ar, 
H2, SO2, NOx and H2S). In all cases the ruthenium and osmium vinyl complexes adsorbed on 
silica displayed a remarkably selective response for carbon monoxide in air. Due to the 
greater suitability of solid probes for most applications, the behaviour was studied 
exclusively on solids adsorbed on silica with both diffuse fluorescence and emission 
techniques. No reaction was observed in the presence of CO2, N2, O2 and Ar at very high 
concentrations (up to 50000 ppm) of the gases and neither colour nor emission changes were 
observed in the presence of volatile organic compounds (VOCs). This class of volatile 
interferents include acetone, chloroform, ethanol, formaldehyde, hexane or toluene, which 
could all be potentially found in a domestic or workplace environment. Modest changes in 
colour were observed for all complexes in the presence of acetonitrile vapour, however only 
at very high concentrations (600-5000 ppm). Since such levels are considered extremely toxic 
to humans and are unlikely to be encountered, acetronitrile was not considered a potential 
interferent for CO in air. Other studies with potentially coordinating and less-common 
gaseous species, such as SO2, NOx and H2S, were also carried out. No noticeable colour and 
fluorescence changes were observed with any of the complexes in the presence of highly 
toxic levels of SO2 (up to 38000 ppm) or H2S (up to 200 ppm). In a similar manner to the 
behaviour with acetonitrile (ACN), the direct exposure to NOx (above 1000 ppm) produced 
colour changes from either red or purple to orange for all complexes (except for 6 and 10, 
which are orange) and emission enhancements for 11 and 12. However, comparative studies 
in the presence of CO only and mixtures of CO/NOx/acetonitrile revealed no substantial 
difference in colour within a 3% level of error (which is not visible to the naked eye). 
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Therefore, it can be concluded that the modulations in colour are essentially due to carbon 
monoxide. 
 
 
 
 
 
 
 
 
Figure 3.15 The graph shows the detection of CO in the absence and presence of low (5 ppm) and 
moderate concentrations (50 ppm) of acetonitrile and NOx (R0 is the diffuse reflectance intensity of 
complex 11 in presence of 10 ppm CO; Ri is the diffuse reflectance intensity of complex 11 in the 
presence of the shown amount of NOx and ACN).  
 
3.3.8 Reversibility 
Despite the remarkable colour and emission response obtained in presence of CO, 
the coordination of this small molecule to the family of vinyl complexes described above was 
found to be totally irreversible both in solution and in air. However, this lack of reversibility 
does allow the use of these probes as simple chemodosimeters for the cumulative dosage of 
CO over a prolonged period of time. 
A close relative to conventional vinyl complexes is the phosphavinyl ruthenium 
complex [Ru(P=CHBu
t
)Cl(CO)(PPh3)2] (14) and the reversible binding behaviour of this 
complex with CO was first described by Hill et al. in 1996.
42
 In this case, the reversible 
binding of CO is due to the dual character of the phosphavinyl ligand, which can act as either 
a one-electron or a three-electron donor ligand. Similarly to the 5-coordinate vinyl complexes 
discussed in Chapter 2, complex 14 can be obtained via hydroruthenation of the hydride 
precursor [RuHCl(CO)(BTD)(PPh3)2] with the phosphaalkyne P≡CBu
t
. However, in contrast 
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CO air air
14 14·CO
14 14·CO 14
to the alkenyl ligands, the phosphavinyl appears to act mainly as a three-electron donor 
ligand in this compound, which renders the coordination sphere of the metal coordinatively-
saturated. This behaviour explains why the 6-coordinate analogue 
[Ru(P=CHBu
t
)Cl(CO)(BTD)(PPh3)2] cannot be obtained, as the BTD ligand is spontaneously 
ejected when [RuHCl(CO)(BTD)(PPh3)2] reacts with P≡CBu
t
 to form 14 exclusively. 
Moreover, it is also this behaviour that makes the coordination of CO totally reversible. In 
fact, compound 14 recovers its original colour once the CO atmosphere is removed (even in 
the solid state).
41
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16 Reversible reaction of compound 14 with CO with the respective colour changes. 
 
Despite these encouraging results in solution, the immobilisation of complex 14 on 
silica gel resulted in the complete loss of the original orange colour, presumably through 
interaction with the support and so the use of 14 as a solid-state probe for the detection of CO 
in air was abandoned. 
 
 
3.4 A ratiometric approach towards the chromo-fluorogenic 
detection of CO in air 
Together with the BTD series, another set of ruthenium vinyl complexes was 
prepared and investigated for the chromo-fluorogenic detection of CO. The interest in 
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developing these novel compounds arose from the possibility of detecting CO via a different 
sensing mechanism.  
By exploiting the knowledge gained on the reactivity of these vinyl compounds, a 
new family of probes was designed in which the sensing mechanism is based on the release 
of a highly fluorescent labile ligand (Mechanism 2, Figure 3.17). In fact, instead of exploiting 
the fluorescence turn-on caused by the displacement of a labile quenching ligand (BTD in 
Mechanism 1, Figure 3.17), the labile ligand would itself produce the fluorescent response 
upon release from the metal coordination sphere. This implies that the luminescence of this 
labile ligand is initially quenched by proximity to the metal via the heavy-atom effect. The 
investigation of this CO detection mechanism provides an alternative option when extending 
the use of these probes to media other than air. Additionally, it would offer an option for 
improving the "brightness" of the fluorescent emission through the use of stronger 
fluorophores.  
 
Figure 3.17 The schematic representation of the two sensing mechanisms. 
 
In order to achieve this type of sensing mechanism, a new highly fluorescent labile 
ligand was needed. This search for a suitable ligand took a considerable amount of time and 
multiple attempts, as there appears to be a notable lack of suitable small N-donor fluorescent 
compounds which could easily bind to the metal centre, while being selectively displaced by 
CO over other species. Following this unsuccessful search of known potential candidates, it 
became clear that the properties of BTD as a ligand were close to ideal and so it was decided 
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to prepare a novel benzothiadiazole moiety with fluorescent properties. This ligand is 5-(3-
thienyl)-2,1,3-benzothiadiazole, which will be abbreviated here as TBTD.  
Once this ligand had been prepared, a new family of ruthenium TBTD-vinyl 
complexes was synthesised and tested with CO to verify the sensing mechanism. 
Additionally, the detection of CO via a ratiometric approach with two fluorophores was also 
attempted. 
 
3.4.1 Synthesis of the TBTD ligand  
According to the literature, 2,1,3-benzothiadiazoles form part of one of the most 
prominent classes of photoluminescent compounds for light technology. In particular, π-
extended 2,1,3-benzothiadiazole systems have found a leading role in this research area.
43
 
Recently, they have also been considered as potential staining agents for cellular organelles in 
fluorescence microscopy.
44
 Usually characterised by emissions above ca. 500 nm and by 
moderate quantum yields (0.2 − 0.65), these compounds are indeed very promising 
candidates for biological applications. 
Although several BTD derivatives have been reported so far (especially 5,5’-
disubstituted variants),
44
 finding a ligand suited to the aims of this project was quite 
challenging. In particular, it was difficult to find variants which would allow easy 
complexation to the metal without encountering problems of steric hindrance due to the 
influence of the triphenylphosphine cone angle and the coordinative saturation around the 
ruthenium, which preclude the use of bulky ligands. 
For these reasons, the new monosubstituted (and therefore less bulky) 5-(3-
thienyl)-BTD or TBTD ligand was synthesised and its reactivity towards the ruthenium was 
tested and found to be successful. 
The preparation of TBTD was achieved via a Suzuki coupling between 5-bromo-
2,1,3-benzothiadiazole and 3-thienylboronic acid, as shown in Scheme 3.11. The product was 
obtained in modest yield and was fully characterised using 
1
H and 
13
C NMR spectroscopy, 
mass spectrometry and elemental analysis.  
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Scheme 3.11 Synthesis of the TBTD ligand.  
Single crystals suitable for X-ray diffraction were grown via vapour diffusion of 
hexane onto a solution of the compound in chloroform. The structure and the crystallographic 
details are reported in the Appendix (section A). 
The bright yellow compound is very soluble in common organic solvents 
(dichloromethane, chloroform, acetonitrile, ethanol) and moderately soluble in methanol and 
water. The blue-green broad emission, typical of the thienyl group in position 5 of the BTD 
unit, is subject to an hypsochromic shift (λem = 430 nm) in non-polar organic solvents (Figure 
3.18).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18  Normalised UV-Vis (dashed) and emission (solid) spectra of TBTD (λex = 352 nm) in 
water : ethanol mixture  (10-5 M)  
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The photophysical characterisation included the measurement of the extinction 
coefficient ( dm3⋅mol−1⋅cm−1 and the quantum yield (Φ = 0.26), which resulted in a 
modest brightness of 2.14 M
–1
 cm
–1
. Details of the photophysical measurements can be found 
in the Appendix (section C). The quantum yield was measured in degassed ethanol with the 
comparative method of Williams et al.
45
 using perylene
46
 as fluorescence standard. 
Following the successful synthesis of this ligand, a series of metal-based probes 
were synthesised. 
 
3.4.2 Synthesis of the probes (TBTD series) 
The synthesis of the complexes was carried out by following similar preparative 
routes to those used for the complexes of the BTD series (see Paragraph 3.3.1). 
Initially the synthesis of [RuHCl(CO)(TBTD)(PPh3)2] (direct analogue of 
[RuHCl(CO)(BTD)(PPh3)2]) was attempted via the exchange of the equatorial PPh3 in 
[RuHCl(CO)(PPh3)3] with TBTD (Scheme 3.12). This complex was anticipated to serve as 
the starting material for the synthesis of all the probes. However, the isolation of this 
compound in pure form could not be achieved through repeated recrystallisation. Also, due to 
ligand dissociation, other purification techniques (e.g., column chromatography) could not be 
employed. This suggested that the presence of byproducts prevented successful 
recrystallisation. The 
31
P NMR spectrum revealed the formation of two singlets at 44.6 and 
45.3 ppm in addition to the presence of free phosphine at -5 ppm. These peaks are attributed 
to isomers I1 and I2, which are formed approximately in a 0.6 : 1 ratio during the ligand 
exchange reaction. Ultimately, the formation of the two isomers is a direct consequence of 
the asymmetric structure of the TBTD ligand and the availability of two nitrogen atoms for 
binding to the ruthenium. This hypothesis is also confirmed by the presence of two 
superimposed doublets of triplets at ca. -7 ppm in the 
1
H NMR spectrum. Furthermore, the 
equal integration of the peaks in both the 
1
H and 
31
P NMR spectra suggests that the two 
isomers are formed in equal amounts. The mutually cis arrangement of the TBTD and 
hydride ligands is assumed based on the reported structure of [RuHCl(CO)(BTD)(PPh3)2]. 
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31P NMR 1H NMR
 
 
 
Scheme 3.12  31P{1H} NMR and 1H NMR (hydride region) spectra corresponding to the formation of 
I1 and I2. 
 
More successful was the synthetic route that proceeds via hydroruthenation 
followed by displacement of PPh3 by TBTD. However, the 5-coordinate complexes reported 
in Chapter 2 used for the studies with SO2 proved to be the most useful precursors and were 
used to obtain five new complexes in high purity and yields (60% to 98%). The synthesis of 
the deep red 6-coordinate ruthenium(II) complexes was carried out by treating the 5-
coordinate ruthenium(II) analogues with a 10% excess of the 5-(3-thienyl)BTD ligand in 
DCM, as shown above in reaction Scheme 3.13. The reaction is a simple addition of the 
TBTD ligand to the vacant coordination site of the ruthenium metal centre, in the trans 
position to the vinyl. Due to their electron-deficient nature, the 5-coordinate ruthenium(II) 
complexes are very reactive and the reaction proceeds readily to form the highly stable 18-
electron octahedral adducts. 
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Scheme 3.13  Synthetic scheme showing formation of the TBTD complexes used in this study. 
 
The 
1
H NMR spectra reveal that the most significant spectroscopic change is found 
for the substituted vinyl ligand, in which the Hα vinyl protons are more deshielded than in the 
5-coordinate precursor. It is evident that the downfield shift of these protons is due to the 
extended delocalisation of the π-electrons and the resulting decrease in the electron density 
on Hα. This observation is also valid for the complexes of the BTD series. 
Perhaps surprisingly, given the behaviour of [RuHCl(CO)(TBTD)(PPh3)2], both 
1
H 
and 
31
P NMR spectra revealed the formation of one isomer only, thus confirming the success 
of this synthetic strategy. Although steric factors would suggest that I2 derivatives (in which 
the thienyl group of the TBTD is orientated away from the ruthenium centre) may be 
favoured, the crystallographic determination of complexes 16 and 17 reveal that only I1 
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derivatives are formed. It could be therefore deduced that these isomers are more stable than 
the I2 counterparts. 
 
 
Figure 3.18  Crystal structures of compounds 16 (top) and 17 (bottom) showing the coordination 
mode of TBTD. 
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Both crystal structures display the TBTD ligand coordinated to the ruthenium 
through the nitrogen in position 3 (not 1) and the aromatic groups of the vinyl substituent are 
found in a tilted orientation with respect to the plane occupied by the TBTD. To maximise 
the intermolecular π-π staking interactions, the vinyl group assumes a distorted position 
which allows the interaction with the phenyl rings of the triphenylphosphine of a 
neighbouring molecule. In the crystal structure of [Ru(CH=CHPyrenyl-
1)Cl(CO)(TBTD)(PPh3)2] (17) in Figure 3.20, these interactions between the pyrenyl ring 
with the triphenylphosphine are clearly visible, as well as the distorsion of the thiophene C-S-
C bonds in the direction of the pyrenylvinyl group of the neighbouring molecule. 
 
 
Figure 3.19 Packing interactions between two molecules of 17. 
 
When comparing the crystallographic features of compound 17 with the BTD 
analogue compound 6, it seems that there are no significant differences (ca. 0.003 Å) 
between the Ru−N bond lengths of the two complexes. This implies that, despite the presence 
of the thienyl group, the TBTD ligand is equally tightly bound to the ruthenium, which bodes 
well for similarly selective behaviour towards CO over other species. 
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Table 3.3 Selected bond lengths (Å) for the structures of complex 17 and 6 discussed in Paragraph 
3.3.3 and 3.4.1. 
 
 
3.4.3 Chromo-fluorogenic detection of CO (TBTD series) 
In a similar manner to the BTD series, the luminescence and colour response of the 
TBTD probes were tested with spectrophotometric techniques in the presence of increasing 
levels of CO. Of particular interest was the evaluation of the efficiency of this sensing 
mechanism, compared to the ones described so far. The data in this series were collected with 
the help of Cristina Marín Hernandez (Polytechnic University of Valencia). 
The probes discussed in this section display two different features which were 
anticipated to lead to different photophysical behaviours. Whilst the complexes 14 and 15 
bear only a single fluorophore (the TBTD ligand), the complexes 16 − 18 bear two separate 
fluorophores (with a fluorescent substituent on the vinyl ligand in addition to the TBTD). 
Hence, the presence of two fluorophores, instead of just one, could dramatically affect the 
fluorogenic response of the probes, as the reaction with CO could lead to activation of 
fluorescence in both the PR·CO probes as well as the liberated (and hence unquenched) 
TBTD group. Moreover, this dual-mode fluorescence property could enable the ratiometric 
detection of CO. This detection mode is based on the ratio between the two fluorescence 
intensities and is particularly important in fluorescence imaging as it permits the analysis and 
correction of artifacts due to photobleaching and changes in focus. 
For simplicity, the behaviour of compounds 14 and 15 will first be described and 
then a short section will be dedicated to the attempted ratiometric detection of CO using the 
other compounds in the series. 
 
Complex 17 Complex 6 
 
Ru(1)-C(35) 1.830(3) 
Ru(1)-C(1) 2.054(2) 
Ru(1)-N(21) 2.2411(18) 
Ru(1)-P(1) 2.3944(6) 
Ru(1)-P(2) 2.4196(6) 
Ru(1)-Cl(1) 2.4672(6) 
 
Ru-C(30) 1.824(3) 
Ru-C(1) 2.048(3) 
Ru-N(21) 2.238(3) 
Ru-P(1) 2.4064(7) 
Ru-P(2) 2.4099(6) 
Ru-Cl 2.4663(7) 
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3.4.3.1 Photophysical behaviour of complexes 14 and 15 
By exploiting the exceptional reactivity of these probes with carbon monoxide, it 
was found that complexes [Ru(CH=CHPh)Cl(CO)(TBTD)(PPh3)2] (14) and 
[Ru(CH=CHTolyl-4)Cl(CO)(TBTD)(PPh3)2] (15) display similar luminescence behaviours, 
which are intrinsically connected to their structural characteristics and, most importantly, are 
determined solely by the presence of the TBTD fluorophore. The photophysical 
characterisation commenced by measuring the quantum yields of these complexes and then 
examining their CO-induced chromo-fluorogenic properties. As expected, the measurements 
of the quantum yields confirmed that the fluorescence of free TBTD (Φ = 0.26) is partially 
quenched when this ligand is attached to the ruthenium centre (Φ = 0.047 for complex 15 in 
ethanol). This quenching process is termed the heavy-atom effect and it takes place when a 
high-atomic number element induces the enhancement of non-radiative intercombination 
transitions via spin-orbit coupling. Ultimately, this results in the deactivation of the radiative 
photon decay, thus depleting the fluorescent intensity and lifetime. 
When this probe is exposed to increasing concentrations of CO, the formation of 
the dicarbonyl species PR·CO takes place alongside the displacement of the TBTD ligand. 
The release of the fluorophore in solution produces the fluorescence turn-on response and 
enables the detection of CO. Compound 14 displays an analogous behaviour to complex 15, 
as the quantum yield of the probe is enhanced from 0.08 to 0.2 at 100 ppm of CO. 
Figure 3.20 Plot showing an 8-fold fluorescence turn-on of a dichloromethane solution of compound 
15 at increasing concentrations of CO (λmax = 435 nm). The emission turn-on is connected to the 
release of the TBTD ligand in solution at higher concentrations of CO. 
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As found previously, probes 14 and 15 also show a significant colour change in the 
presence of CO. 
 
 
 
 
 
 
 
 
 
 
Figure 3.21 Diffuse reflectance UV-Vis spectra of compound 15 adsorbed on silica in the presence of 
air containing 0 to 2000 ppm of CO (top). The corresponding changes in colour and the determination 
of the limit of detection for 15 by monitoring the diffuse reflectance variations at 500 nm are shown 
below. 
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However, as a result of the markedly less dramatic colour modulations, the limit of 
detection values were found to be at least 10 times higher than the BTD family of probes. 
This poor colour response is likely to be due to the intrinsic properties of the bright yellow 
TBTD ligand in the visible region. Nevertheless, both spectrophotometric and naked-eye 
detection limits are suitable for the detection of the onset of toxic levels of CO (50 ppm) 
through to very high and toxic levels of the gas. 
Despite these modest chromogenic results, the fluorogenic response in solution was 
found to be very impressive (about 1 ppb for both 15 and 14) and comparable (if not better) 
to the BTD probes. The enhancement of the fluorescence intensity of the silica-adsorbed 
compounds was also significant. 
 
Figure 3.22 Typically sharp emission band of the fluorescence emission spectra of compound 15 
adsorbed on silica in the presence of air containing 0 to 2000 ppm of CO.  
 
 
3.4.3.2 A ratiometric approach using complexes 16-18 
Encouraged by the fluorogenic results obtained with the compounds in this series, 
the remaining probes 16, 17 and 18 were then investigated. As mentioned above, the plan was 
to take advantage of the potential dual fluorescence properties of each probe in order to carry 
out a ratiometric detection of CO. 
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According to the literature, ratiometric chemodosimeters can display different 
colour and/or emission responses when sensing different analytes or under different pH 
conditions.
47
 Although seldom observed, they can also exhibit monomer-to-excimer 
emissions,
48
 particularly at high concentrations of the probe (10
-2
 − 1 M). 
In the context described here, the aim was to exploit both the fluorescence 
emission of the TBTD and the vinyl group to sense and determine the concentration of 
carbon monoxide (Scheme 3.14). 
 
 
 
 
 
 
Scheme 3.14 A schematic representation of the ratiometric detection of CO using metal vinyl probes; 
the yellow and green "ON" colours represent the two fluorescence emissions (λEm1 and λEm2) triggered 
by CO binding. 
 
In order to carry out these experiments, the two fluorophores (TBTD and vinyl 
substituent) must exhibit different and independent emission changes, so that the 
displacement of the TBTD ligand and the formation of the fluorescent dicarbonyl species can 
be monitored independently. In this way, the ratios of the two emission intensities 
ITBTD/IPRCO will be proportional to the concentration of CO. 
However, preliminary measurements revealed that the fluorescent emission of the 
TBTD partially or, for complexes 16, 17 and 18 completely overlaps with the emission of the 
vinyl substituent (phenanthrenyl/pyrenyl), thus preventing discrimination between the 
signals. An example of this low fluorescence turn-on can be observed in Figure 3.23. 
As there is no possibility to differentiate between the two emissions, the ratiometric 
approach for the detection of CO was not pursued further. The classical spectrophotometric 
characterisation of the remaining probes was carried out and neither the colour change nor the 
fluorescence enhancement were found to offer significant improvements over the probes 
bearing a single fluorophore. 
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Figure 3.23 Fluorescence emission of a dichloromethane solution of compound 18 (10-5 M). 
 
3.5 Summary and conclusions 
 
In this Chapter, two new families of ruthenium and osmium vinyl complexes were 
successfully synthesised in high yield and purity via two different routes and then fully 
characterised. The two series differ through the presence of the N-donor labile ligands used. 
One family of compounds bears the 2,1,3-benzothiadiazole (BTD) ligand while the other 
consists of a fluorogenic benzothiadiazole derivative, 5-(3-thienyl)-2,1,3-benzothiadiazole 
(TBTD).  
All the complexes readily react with carbon monoxide producing a colour change 
in all cases and an additional fluorogenic response for the compounds possessing 
fluorophores. This chromo-fluorogenic response is due to the formation of the transition 
metal dicarbonyl complex via the displacement of the labile ligand BTD or TBTD. The 
formation of the dicarbonyl species was monitored using 
1
H-NMR spectroscopy, while full 
spectroscopic and analytical characterisation confirmed the nature of the BTD/TBTD 
products and their carbon monoxide adducts. Furthermore, single crystals suitable for X-ray 
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diffraction were grown via vapour diffusion and the structures of seven compounds were 
determined. 
The two series detect CO via different sensing mechanisms, which were studied 
using fluorescence emission and fluorescence lifetime spectroscopies. 
The detection response was monitored using spectrophotometric methods and the 
limit of detection was determined in each case (see Appendices, Section C). All members of 
the BTD series display outstanding chromo-fluorogenic properties: above all, the probe 
[Ru(CH=CHpyrenyl-1)Cl(CO)(BTD)(PPh3)2] (6) exhibits exceptional turn-on fluorescence 
and colour responses and a limit of detection of 1 ppb, which is comparable to that possible 
using the nondispersive infrared (NDIR) sensors found in gas analysis laboratories. It should 
be pointed out that NDIR sensors are also sensitive to water and other species, unlike the 
molecular systems described here. 
Despite the less remarkable chromogenic behaviour of the TBTD probes, CO 
levels far below the onset of toxic levels can be easily detected. However, the fluorogenic 
detection of CO using the TBTD series is as sensitive as the one displayed by the BTD-series 
probes. The ratiometric detection of CO was also attempted but was not pursued further due 
to coincident emission behaviour. 
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4.1 Carbon monoxide: from pollutant to biological messenger 
In the following Section, the recent findings regarding the biological role of carbon 
monoxide in the human biological system are summarised. This section also serves as 
introduction to the development of molecular- and gold nanoparticle-based probes which will 
be described in Sections 4.4, 4.5 and 4.6 respectively. 
4.1.1  The physiological role of carbon monoxide 
Carbon monoxide is mostly known for its toxic properties and its poisonous ability 
to compete with oxygen for binding haemoglobin. The strong affinity of CO for this globular 
protein leads to the formation of carboxyhaemoglobin (HbCO) and causes vasodepression, 
neural pathologies and can also alter the cardiovascular functions.
1,2
 When the level of HbCO 
reaches 60%, the consequence of the CO exposure becomes fatal (see Section 3.1). It seems 
therefore reasonable to assume that, in absence of carbon monoxide, no HbCO should be 
observed in the bloodstream. Surprisingly though, 0.5 to 1% of carboxyhaemoglobin can be 
found in the majority of mammals under normal physiological conditions and this appears to 
be connected to the catabolism of the haem unit. In fact, it is the breakdown of the haem 
which ultimately leads to the endogenous production of CO. Until recently, endogenous CO 
was simply regarded as a waste product, but there is now a growing awareness that this 
endogenously formed CO is actually an important homeostatic molecule with crucial 
biological functions.
3 
As mentioned above, CO derives from the physiological degradation of the haem 
unit, which is catalysed by haem oxygenase (HO). This enzyme cleaves the haem 
protoporphyrin IX in the presence of molecular oxygen (Figure 4.1). The resulting products 
of the primary or first-order haem degradation (heam degradation products, HDPs), are CO, 
iron(II) and biliverdin IX. The latter is then degraded by biliverdin reductase into the second-
order metabolite, bilirubin IX, in the presence of H
+
.
4
 The first degradation from 
protoporphyrin to biliverdin is the rate limiting step of the CO production, which reaches 
about 16 mmol h
-1
 per human body.
5
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Moreover, the bioavailability and the production
 
of CO are strictly dependent on 
the haem oxygenases HO1 and HO2, which are two different isoforms of the oxygenase 
enzyme. Although both carry out the haem breakdown through the same pathway, the two 
isoforms vary in terms of the expression: HO1 is inducible and therefore its production is 
triggered by the free haem to be metabolised whereas, in contrast, HO2 is constitutively 
expressed.
4,6
 The presence of the HOs seems to be critical in pathological conditions and will 
be further discussed below.  
Since the emergence of these results, carbon monoxide has been widely recognised as 
an important bioactive signalling molecule,
7,8
 alongside NO and H2S, which are involved in 
key vascular and neurotransmission pathways (Figure 4.2).
9-14
 The transduction of the signal 
by CO takes place in the cells thanks to haem-containing proteins communicating with direct 
and indirect CO effectors.
6,15
 The transduction benefits from the strong affinity of this 
molecule for transition metals in specific oxidation states and the stability of the resulting CO 
adducts. Some of the most important effectors take part in the regulation of the circadian 
rhythm and the conversion of guanylyl cyclase.  
Figure 4.2 Cell metabolism of CO and cellular pathways of gasotransmitters. 
Figure 4.1 HO-catalysed metabolism of haem. 
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Carbon monoxide is also indirectly involved in the production of H2S via the 
activation of cystathionine β-synthase and it triggers the action of important ion channel 
proteins.
15-17
 The bioactivity of carbon monoxide has also been observed in oxygen sensing, 
cell proliferation and mitochondrial biogenesis.
18
 More details on the biological targets and 
CO effectors are provided in a series of excellent reviews and articles.
15-17
 
4.1.2  The therapeutic role of CO and CO-RMs 
The therapeutic properties of CO started to become evident when the link between 
the expression of the haem oxygenases HO1 and HO2 and the prompt recovery from serious 
medical conditions was found. It appears that the induction of HO1 in the brain improves the 
recovery of cerebral ischemic patients,
19,20
 whereas the presence of HO2 displays 
neuroprotective
 
properties towards intracerebral haemorrhage.
21,22
 These observations suggest 
that the haem catabolism and the endogenous production
 
of CO are beneficial under both 
pathological and physiological conditions. Similarly, higher expression of HOs prevents 
uncontrolled inflammation in sepsis.
23
 In particular, CO has attracted particular attention as a 
potential therapeutic agent
 
because of its anti-inflammatory, anti-hypertensive, and cell-
protective effects.
24-26
 Some of these beneficial properties derive from the interaction of CO 
with the smooth muscle signalling proteins such as guanylyl cyclase
27
 and potassium 
channels.
28
 It seems also that CO inhalation (at the correct level) actually enables the 
protection of vital organs, such as the brain,
29,30
 heart,
31-33
 lung,
34,35
 kidney
31
 and liver,
36
 in 
post-ischemic/hypoxic conditions.
37, 38
 Crucially, it has been found that CO also helps in the 
preservation of transplanted organs.
39
 
Despite these remarkable healing properties, the use of inhaled CO for therapeutic 
purposes is limited for obvious safety reasons: as the solubility of CO in water (about 1 mM) 
and its biodistribution are rather limited, high concentrations of gaseous CO would need to be 
inhaled to produce the appropriate therapeutic results.
5
  
In order to fully understand the underlying therapeutic mechanisms of CO, the non-
specific interactions of this gas with unwanted tissues need to be eliminated, so as to correlate 
the dose-related response as well as to make progress in the study of the physiological levels 
of endogenous CO.
4
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This has prompted the development of a whole new class of pharmaceuticals to 
address the problem of controlling and triggering the release of CO and eliminating the off-
target effects.
24,40
 These pharmaceuticals, called CO-Releasing Molecules (CO-RMs), display 
outstanding anti-inflammatory properties and are now highly regarded for future clinical 
applications.
40
 Recent results also reveal that some of them could be used as antimicrobial 
agents.
41
 Several articles and reviews on CO-RMs have been reported,
42-44
 which describe 
useful insights into the physiology and controlled release of CO. Reports on the development 
of molecules and biomaterials
45
 for therapy with CO
46
 and on photoactivated CORMs 
(photoCORMs) have also been reported,
47-50
 highlighting the potential of photoactivated 
metallopharmaceuticals in the fine-control and targeting of drugs.
51,52
 A selection of the most 
prominent CORMs is reported in Figure 4.3. 
 
 
Although this topic might appear to be a slight digression from the detection of 
CO, its introduction is necessary to complete the overview of the biological role of carbon 
monoxide. Moreover, these compounds will be mentioned in the following sections and will 
also used at the final stage of this study (Section 4.5.5).  
Figure 4.3 Examples of CO-Releasing Molecules (CO-RMs). 
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Figure 4.4 Sensing mechanism of the protein-based chemodosimeter COSer.53 
4.1.3   The detection of CO in living cells 
Together with the development of CO-RMs, a whole new research field based on 
the detection of CO in living cells has recently emerged. The lack of understanding regarding 
the mechanisms of CO targeting by the CO-RMs, as well as the unknown degree of 
endogenous CO production during the haem catabolism, are only some of the many aspects 
that researchers aim to address. To achieve these goals, only a few chemidosimeters able to 
detect CO in cells have been reported so far. 
In 2012, He and co-workers
53
 were the first to describe a haem-based genetically 
encoded fluorescent protein (COSer) capable of the selective imaging of CO in cells. Despite 
the overall complexity of the probe, the sensing mechanism is simply based on the affinity of 
CO towards the iron(II) of the haem cofactor situated in the CooA-C' binding domain. While 
the quaternary structure of this type of protein normally consists of only two major domains 
(the haem effector-binding domain and a DNA-binding domain), this genetically encoded 
probe includes a new domain (yellow fluorescent protein), which has been deliberately 
introduced into the sequence to obtain a fluorogenic response. Upon reaction of CO with the 
haem-iron(II)-containing unit, the biosensor COSer undergoes a conformational change to 
expose the yellow fluorescent protein, thus resulting in a 2-fold fluorescence enhancement at 
528 nm (Figure 4.4). Moreover, this probe is shown to be selective over other known 
gasotransmitters (NO and H2S). 
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Shortly after this contribution, Chang and co-workers
54
 reported a palladium-
BODIPY complex (COP-1), in which the CO sensing mechanism is based on the selective 
palladium-mediated cabonylation of the borondipyrromethane difluoride (BODIPY) ligand 
(Figure 4.5). The fluorescence of this BODIPY ligand, partially quenched via the core heavy-
atom effect of the palladium centre, undergoes a 10-fold fluorescence enhancement when the 
ligand is released in solution. The experiment, run in a Dulbecco phosphate-buffered saline 
solution (DPBS) shows a detection limit as low as 1 μM (approximately 28 ppb CO) after the 
probe is incubated with a 50 μM solution of CORM-3 (see Figure 4.3). Overall, these probes 
show a good selectivity for CO over other interferents commonly found in cells (H2S, 
glutathione, NO; O2, CN  and imidazole). When HEK293T cells were incubated with 
CORM-3 (5 or 50 μM) and treated with COP-1 (1 μM), a significant and dose-dependent 
increase in the intracellular fluorescence was observed. In addition, the palladium-based 
probe was shown to be nontoxic and therefore compatible with living cells. 
 
More recently, Pal et al. investigated the selective detection of CO in an aqueous 
medium using a novel coumarin fluorogenic probe (PCO-1), which undergoes intramolecular 
cyclisation and elimination reactions in the presence of a preformed palladium(0) compound 
or an in situ generated palladium(0) species (Figure 4.6).
55
 The luminescence of the organic 
probe is initially quenched by the presence of the carbamate bond ( = 0.0034). However, 
when the probe PCO-1 is incubated with palladium(0) species (e.g. Pd(PPh3)4) or 
palladium(II) precursors (e.g., PdCl2, Pd(OAc)2, Na2PdCl4) in combination with CO, the 
highly fluorescent 7-hydroxycoumarin is generated ( = 0.4467) and released into the 
aqueous medium, resulting in a strong emission at 460 nm. In the latter case, palladium(0) 
species are generated in situ by the reduction of palladium(II) with carbon monoxide. In this 
Figure 4.5 Sensing mechanism of the BODIPY complex COP-1.54 
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Figure 4.7 Sensing mechanism of the probe in presence of catalytic amount of palladium.56 
experiment, the CO-releasing molecule [RuCl(glycinate)(CO)3] (CORM-3) was employed as 
a safe and controllable source of CO and the highest fluorescence response was found at pH 8 
when the 7-hydroxycoumarin is in the deprotonated form. Moreover, the CO-induced turn-on 
fluorescence was found to be CORM-3 dose dependent and the response was found to be 
highly selective towards CO over other biologically relevant species (NO, H2S, NaOCl, 
H2O2, O2
-
 and other sulfur and nitrogen containing small molecules). Finally, the probe was 
found to be non toxic within 4 hour incubation in human lung carcinoma cells. 
 
 
Figure 4.6 Sensing mechanism of the cumarin derivative.55 
 
Inspired by the pioneering work of Chang, a cyclometallated palladium complex 
bearing a carbazole-coumarin-fused unit (CC-CO) has recently been reported for the imaging 
of carbon monoxide in living tissues.
56
 The chemosensor in this study shows favourable two-
photon fluorescence electronic properties for the presence of an electron-donor group 
(carbazole) as well as an electron-acceptor group (carbonyl) to create a highly conjugated 
push-and-pull system. The imaging of CO in HeLa, MCF-7 and MKN-28 cells proved 
possible thanks to the strong one-photon fluorescence response in the presence of CORM-2. 
The efficiency of CC-CO as a two-photon fluorescent probe was also shown. 
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Although all the probes described so far display an undoubted ability to detect CO 
in biological systems, further efforts are still required in order to improve the intrinsic 
drawbacks of each system. These drawbacks are, for example, the synthetic complexity (and 
reduced accessibility) of genetically-engineered probes, the delayed fluorescence response 
(60 mins in the Pd-based systems) and the reduced fluorescence turn-on of some of the 
probes (especially in aqueous solution). Moreover, the use of cytotoxic unligated heavy metal 
salts should also be avoided. 
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4.3 The detection of CO in cells using ruthenium and osmium 
vinyl complexes 
Despite the very promising fluorogenic properties of the probes discussed in the 
previous section, substantial improvements regarding the response time, the signal-to-noise 
ratio (SNR) and the reversibility of the probes still need to be made. For instance, the real-
time tracking of CO in living cells demands specific requirements, such as immediate 
fluorescence response (with reduced incubation time) and high signal-to-noise ratio (SNR). In 
particular, good SNR makes a significant difference in optical imaging, since the image 
quality and sharpness depend on this parameter. Although protein-based sensors, like COSer 
described above, probably represent the best alternative from the point of view of 
biocompatibility and selectivity towards the analyte, small-molecule fluorescent probes offer 
the benefits of higher signal-to-noise ratio (with respect to the protein background 
fluorescence), improved membrane permeability and unique potential for structure-property 
tuning. A critical perspective of the progress made so far in this area along with the overview 
of the potential provided by the development of luminescent transition metal complexes for 
sensing, biolabelling, and cell imaging support this view.
57-59
 
From consideration of the exceptional results regarding the detection of CO in air 
(Chapter 3),
60,61
 it was clear that ruthenium(II) and osmium(II) vinyl complexes could 
possess suitable characteristics for the sensing of carbon monoxide in cells.  
The immediate fluorogenic response, the outstanding emission enhancement and 
the exceptional sensitivity and selectivity make these compounds strong candidates for this 
application. However, the very low solubility of these complexes in water prevented them 
being employed directly for the sensing of CO in aqueous systems. 
 
 
4.3.1 Structural features 
Different strategies could be applied to achieve solubility in highly polar solvents, 
such as aqueous solution. In the case of metal complexes, the simplest solution is the 
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modification of the ancillary ligands (those not involved in the primary function) coordinated 
to the metal centre. 
In this context, the possibility of using sulfonated triphenylphosphine ligands 
instead of triphenylphosphines (see Section 4.4) was explored. A second avenue was 
investigated in which the modification of the structure of the vinyl group was attempted in 
order to aid solubility and hopefully increase the cellular uptake (see Section 4.5). 
As a third and final option, the purely molecular approach was abandoned in 
favour of a nanomaterial platform. The use of nanomaterials opens up many opportunities as 
they can be designed to combine inorganic and organic functionalities with biocompatible 
components in a single material.
62,63
 Much of this methodology has been explored in 
nanomaterials, which have been designed for applications ranging from catalysis,
64-68
 
electronics
69
 and medicine.
63
 Among the many possible types of nanomaterials, gold 
nanoparticles were considered the best alternative due to their facile surface functionalisation 
and straightforward preparation.
70,71
  
The discussion of the resulting strategies (Fig. 4.8) and sensing systems are 
reported in Sections 4.4, 4.5 and 4.6.  
 
 
 
The novelty of these three strategies is ultimately related to the sensing mechanism 
involved; in fact, no probe with a sensing mechanism based on the 'chemodosimeter' 
approach, where the sensing relies on the coordination of CO to the metal centre (see Chapter 
Figure 4.8 From left to right: Schematic representation of metal vinyl compounds bearing water-
soluble phosphines, modified vinyl groups and functionalised on the surface of gold nanoparticles. 
Water-soluble 
phophines
Polar 
group
S
S
PEG
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1), has ever been developed for the detection of carbon monoxide in cells. Furthermore, the 
use of gold nanoparticles for this purpose has never been explored.  
Although the structures of the original alkenyl probes used in the detection of CO 
in air are substantially modified, it was considered that the CO sensing mechanism would 
remain the same.  
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4.4 Achieving water-solubility via modification of the 
phosphines  
In this section, the preparation of sulfonated phosphine ligands is discussed 
followed by the synthesis and the reactivity of two water-soluble ruthenium(II) complexes 
towards carbon monoxide.  
4.4.1 Synthesis of the sulfonated triphenylphosphines (TPPMS) 
Among all the water-soluble phosphines studied so far, sulfonated arylphosphines 
have been the most extensively employed, especially in biphasic catalysis, where the water-
solubility of the organometallic catalysts allows easy separation from the organic 
compounds.
72
 In particular, mono- and tri-sulfonated triphenylphosphine have found 
applications in the aqueous-biphasic hydrogenation of olefins
73-75
 and for ring opening 
metathesis (ROM) polymerisation.
72,76
 These sulfonated phosphines have been typically 
prepared via mono- or multiple sulfonation of the aromatic rings with oleum.
77
 This 
sulfonation reaction requires strict control of the working conditions since any overexposure 
to the fuming sulfuric acid (oleum) may lead to mixtures of mono-, di- and tri-sulfonate 
derivatives, which would make the purification step very complicated and would lower the 
yield. However, a slightly modified procedure can be used,
78,79
 which consists of adding the 
triphenylphosphine to pure oleum over a one hour period, followed by a temperature-
controlled reaction at 80 ºC. This allowed isolation of the pure mono-sulfonated 
triphenylphosphine sodium salt (TPPMS), PPh2(m-C6H4SO3Na) (19) in good yield (72%) in 
about 30 minutes. The signal at -5.1 (s) ppm in the 
31
P NMR spectrum and the typical pattern 
of a meta-substituted phenyl group confirmed the presence of only the mono(m-
sulfonylphenyl)diphenylphosphine species (Fig. 4.9). The off-white compound was used 
without any further purification. If some impurities are present, such as a small amount of the 
di-sulfonated derivative (signal at -5.7 ppm),
77
 it is advisable to perform a recrystallisation in 
hot methanol, although it did not prove necessary in this work. When the synthesis is 
performed over a longer timeframe (1-2 h), oxidation of the phosphorus can take place, 
leading to the formation of triphenylphosphine oxide (TPPO). 
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Although trisulfonated triphenylphosphines (TPPTS) have been extensively studied 
and widely employed in the catalytic hydroformylation of olefins, this investigation was 
limited to the CO detection properties of monosulfonated TPPMS ruthenium alkenyl 
complexes only. It was anticipated that trisulfonation could change the character of the 
phosphine too radically and risk compromising a system successfully applied to CO 
detection.
73b 
 
 
4.4.2 Synthesis of the probes 
Based on the results described in Chapter 3, it was decided to synthesise two 
ruthenium complexes, [Ru(CH=CHTol-4)Cl(CO)(TBTD)(TPPMS)2] (20) and 
[Ru(CH=CHPyrenyl-1)Cl(CO)(BTD)(TPPMS)2] (21), as model compounds for the detection 
of CO in biological systems (Figure 4.10). This choice was made based on the fluorogenic 
response and the sensitivity displayed by the original triphenylphosphine complexes 
[Ru(CH=CHPyrenyl-1)Cl(CO)(BTD)(PPh3)2] (6) and [Ru(CH=CHTol-
4)Cl(CO)(TBTD)(PPh3)2] (15) in the presence of carbon monoxide. The expected 
fluorogenic responses derive from the presence of the TBTD and pyrenylvinyl ligands, 
respectively. 
Figure 4.9 Multiple sulfonation of triphenylphosphine to form the mono-, di- and trisulfonated 
derivatives TPPMS, TPPDS and TPPTS. 
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Figure 4.10  Target probes 20 and 21 showing the respective sensing mechanisms and the presumed 
dicarbonyl derivatives 20·CO and 21·CO. 
 
 
As an initial synthetic strategy, the preparation of complexes 20 and 21 was 
attempted using an analogous method to that used to produce complexes 6 and 15 (Chapter 
3). The original complexes were synthesised via hydroruthenation of the ruthenium 
tris(triphenylphosphine) hydride [RuHCl(CO)(PPh3)3] with the appropriate alkynes. Thus, the 
synthesis of complexes 20 and 21 was attempted starting from the analogous tris(TPPMS) 
ruthenium precursor [RuHCl(CO)(TPPMS)3]. The ruthenium-TPPMS hydride precursor was 
synthesised via a ligand exchange reaction from [RuHCl(CO)(PPh3)3], as the direct synthetic 
route from ruthenium trichloride proved unsuccessful. 
The protocol used for the synthesis of [RuHCl(CO)(TPPMS)3] via a ligand 
exchange reaction consists of a biphasic toluene-water reaction firstly described by Andriollo 
et al. in 1995.
73
 In contrast to what has been reported, the separation of the free TPPMS and 
the newly formed [RuHCl(CO)(TPPMS)3] via filtration through Celite proved impossible for 
FLUORESCENCE OFF
FLUORESCENCE ONFLUORESCENCE OFF
FLUORESCENCE 
ON
20 20·CO
21 21·CO
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solubility reasons. Furthermore, the mixture of TPPMS and water-soluble ruthenium hydride 
could not be separated via either size-exclusion chromatography or recrystallisation due to 
decomposition of the complex (presumably dissociation of the phosphines). It was therefore 
decided to perform the hydroruthenation reaction by adding the relevant alkyne to a 
dichloromethane-methanol solution of the ruthenium-TPPMS under a nitrogen atmosphere 
and then attempt the purification again. Unexpectedly, the hydroruthenation step proved quite 
problematic and resulted in the formation of several products, which were revealed by 
multiple signals in the 
31
P NMR spectrum. The resulting products could neither be separated 
nor individually characterised.   
 
 
 
 
 
 
 
 
 
 
 
 
 
Inspired by the work of Grubbs
80
 on water-soluble aliphatic phosphines for Ring 
Opening Metathesis Polymerisation (ROMP), the preparation of 20 and 21 via a one-pot 
phosphine exchange was investigated starting from the 5-coordinate compounds 
[Ru(CH=CHR)Cl(CO)(PPh3)2], (R = 4-tolyl (2); R = 1-pyrenyl (4)). 
A methanol solution of the TPPMS phosphines was added via cannula under a 
nitrogen atmosphere to a dichloromethane solution of 5-coordinate complex 4 or 2 in a 2.5:1 
ratio. The mixture was stirred at room temperature for 2 hours under vigorous stirring while 
the colour changed in both cases from deep red to bright orange-yellow. After removing the 
Scheme 4.1 Attempted route for the preparation of probes 20 and 21 via the phosphine-ligand 
exchange from the ruthenium triphenylphosphine hydride and consequent insertion of the 
terminal alkyne. 
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Scheme 4.2 Reaction scheme showing the successful synthetic route (black) and the attempted route 
(grey) to the water-soluble complexes 20 and 21. 
solvent in vacuo, degassed dichloromethane was added twice to the resulting orange solid to 
separate the product from unreacted precursors. The temperature was maintained at 0 ºC, 
inducing the precipitation of a very fine orange solid, which was separated from the pale red 
supernatant via cannula filtration. The same washing procedure was performed with degassed 
methanol at a temperature of -20 ºC (ethylene glycol and dry ice bath) in order to remove 
excess unreacted phosphine. However, the similar solubility of the resulting product and the 
free TPPMS phosphine prevented the complete separation of the species.  
After the reaction of these compounds with either TBTD or BTD to give the final 
compounds 20 and 21 respectively, recrystallisation was again attempted from methanol and 
diethyl ether but this resulted in little improvement of purity. 
Finally, by resorting to size exclusion chromatography, commonly used in the 
purification of proteins and DNA,
81
 the free TPPMS was totally removed and the bright red 
compounds 20 and 21 were obtained in final yields of between 5 and 10 % (Scheme 4.2). 
Both showed singlet signals in the 
31
P NMR spectra (around 30 ppm), which confirmed their 
mutually trans positions (Fig. 4.11). The IR spectra of the complexes showed the presence of 
the carbonyl ligand with stretching frequencies of 1924 cm
-1
 and 1927 cm
-1
 which are 
comparable to the values found for the respective 18-electron BTD complexes (Chapter 3). 
However, the upfield shift of the α-proton from 8.27 ppm to 7.83 ppm and the disappearance 
of the β-proton in the 1H NMR spectrum of compound suggests that complex 21 is not stable 
in polar solvents (methanol and water). 
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Figure 4.11 31P-NMR spectrum of complex [Ru(CH=CHTol-4)Cl(CO)(TBTD)(TPPMS)2] (20) in 
CD3OD at 298 K after filtration through size exclusion resin (Sephadex G10). No free 
monosulfonated triphenylphosphine was observed at -5.0 ppm. 
 
 
 
As mentioned above, despite the ultimate success with the purification of 20 and 
21 complexes, it was immediately evident that these water soluble probes do not display the 
same stability in aqueous media that characterised both the series of probes described in 
Chapter 3. It appeared that the probes underwent a change in colour from red to light brown 
in about one day if not kept under nitrogen atmosphere, suggesting that the phosphines were 
probably dissociating and being oxidised. Also, the stability of other ligands in solution 
seemed to be a problem as, in the case of [Ru(CH=CHTol-4)Cl(CO)(TBTD)(TPPMS)2] (20), 
the thienyl-BTD (TBTD) ligand appeared to be released immediately in aqueous solution 
based on the evidence provided by further NMR experiments. In fact, several peaks at ca. 40 
ppm in the 
31
P NMR spectrum appear after a few minutes following dissolution of the 
compounds in deuterated methanol. In contrast, the TPPMS-ruthenium hydride complex 
appeared to be the only TPPMS-complex discussed here which was resilient to 
decomposition.  
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4.4.3 Reaction with CO and fluorogenic response  
Although it was realised that the instability of complexes [Ru(CH=CHTolyl-
4)Cl(CO)(TBTD)(TPPMS)2] (20) and [Ru(CH=CHPyrenyl-1)Cl(CO)(BTD)(TPPMS)2] (21) 
could affect their performance as carbon monoxide sensors, the fluorogenic properties of the 
compounds were nevertheless investigated. 
Aqueous solutions of 20 and 21 (10
-4
 M) were prepared and thoroughly degassed 
before the measurements. In analogy to the complexes [Ru(CH=CHPyrenyl-
1)Cl(CO)(BTD)(PPh3)2] (6) and [Ru(CH=CHTol-4)Cl(CO)(TBTD)(PPh3)2] (15), a clear 
fluorescence enhancement was expected for the probes, either caused by the displacement of 
the fluorescent TBTD ligand or by the formation of the fluorescent pyrenylvinyl dicarbonyl 
species 21·CO. 
However, after only few minutes after dissolution, the change in colour from red to 
yellow seemed to confirm previous observations about the overall stability of the complexes. 
As a result, there was no evidence of a significant increase in the emission fluorescence even 
when high concentrations of CO (above 100 ppm) were bubbled through the solutions 
(Figure 4.12). 
1
H NMR spectroscopy experiments in D2O over a period of 1 hour also 
confirmed that the complexes are not sufficiently stable in water and therefore cannot be 
employed as CO-sensors. 
 
Figure 4.12 Fluorescence emission of [Ru(CH=CHTol-4)Cl(CO)(TBTD)(TPPMS)2] (20) in the 
presence of CO (λexc = 352 nm). 
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The reasons for this instability are not obvious. It could be caused by a 
combination of particular steric and electronic effects. For instance, the steric hindrance of 
the TPPMS phosphines due to the presence of the sulfonyl group in the meta position, could 
be a major factor in the observed instability when the complex is 6-coordinate. Additionally, 
the slight difference in the electronic properties between the mono-sulfonated phosphine 
TPPMS and the classical PPh3 phosphines might also affect the Ru-P bond strength, as has 
been reported.
73b
 
Further options are provided by other less bulky water-soluble phosphines, such as 
the tris(hydroxymethyl)phosphine (THP)
82
 and 1,3,5-triaza-7-phosphaadamantane (PTA)
83
 as 
alternatives to TPPMS. These were prepared or purchased but initial tests indicated that they 
would lead to the purification difficulties described earlier. It was decided to abandon this 
approach due to time constraints, however, other methods of rendering the probes suitable for 
use in aqueous systems were explored, as described below. 
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Figure 4.13 Fluorescence emission of [Ru(CH=CHPyrenyl-1)Cl(CO)(BTD)(PPh3)2] (21) in the 
presence of CO (λexc = 340 nm). 
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4.5 Achieving water-solubility via modification of the vinyl 
ligand 
One of the conclusions that can be drawn from the study on water-soluble 
phosphines is that both the stability and reactivity of the transition metal probes towards CO 
are intimately related to their ancillary ligands. The successful sensing response described in 
Chapter 3 is critically determined by the coordinated ligands. It seems, in fact, that the 
coordination of each of the two metals, ruthenium and osmium, by two triphenylphosphines, 
one chloride and one carbonyl ligand is crucial in order to achieve a good compromise 
between reactivity and stability.  
In this section, the focus turns to the modification of the vinyl ligand, while 
retaining the bis(triphenylphosphine)-metal basis structure, as a way to achieve water-
solubility. 
This study was carried out in parallel with the investigation of the probes supported 
on gold nanoparticles, which will be described in Section 4.6. Some of the structural 
considerations that are discussed in this section will also be relevant to the section on gold 
nanoparticles and vice versa.  
In order to explore the potential for enhancing the water solubility through the 
vinyl ligand, a new hydrophilic alkyne ligand HC≡CL1 was designed. It was then used to 
synthesise two new ruthenium and osmium water-soluble probes (22 and 23). The complexes 
were then investigated to determine their sensing properties in both aqueous solution and 
cells.  
 
4.5.1 Synthesis of the vinyl ligand HC≡CL1 
Hydrophilic alkynes bearing highly polar functional groups (amides, carboxylic 
acids, hydroxyl substituents), or ionic groups (sulfonate, ammonium, phosphonate), are 
relatively cheap starting materials and are relatively common substrates for ‘click chemistry’ 
targeted towards both catalytic
84
 and biological
85,86
 purposes. While polar groups allow the 
formation of hydrogen bonding and/or dipolar interactions with water molecules, the 
presence of the acetylenic functional group provides the scope for hydrometallation and thus 
a linkage with the metal centre.  
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Although these hydrophilic alkynes appear to be suited to this study, the intrinsic 
nucleophilicity of their polar groups towards transition metals needs to be taken into account. 
In this respect, several studies have highlighted the rich coordination chemistry of ruthenium 
and osmium triphenylphosphine hydride complexes, showing how these metals preferentially 
react with nucleophilic oxygen-, nitrogen- and sulfur-donor groups, even in presence of 
alkynes.
87,88
 Thus, when both functionalities are present on the same ligand, the alkyne 
insertion seems often to be disfavoured in comparison to the coordination of the other donors. 
The formation of the vinyl complex is particularly disfavoured compared to the formation of 
chelates via a bidentate binding mode. For example, this is the case for alkynes bearing 
carboxylates
88
 and dithiocarbamates,
89
 which have been widely exploited and well 
documented in the past two decades.
90
 
For these reasons, the aim was to develop a novel alkyne ligand with hydrophilic 
properties and non-nucleophilic character, which would tether to the metal through an alkenyl 
bond. Guided by some commercially available alkynes, it was decided to functionalise 4-
ethynylbenzyl alcohol with a polyethylene glycol (PEG) chain via a simple esterification 
reaction. The reason behind the choice of the 4-ethynylbenzyl alcohol will be thoroughly 
discussed in Section 4.6, in reference to the points made above about general structural 
considerations.  
Ligand HC≡CL1 was prepared following a Steglich esterification protocol and was 
performed in dry dichloromethane, using N,N'-dicyclohexylcarbodiimide (DCC) as a 
dehydrating agent and dimethylaminopyridine (DMAP) as the nucleophilic catalyst (Scheme 
4.3).  
 
According to the experience gathered through performing this reaction, the yield 
can substantially vary in relation to the mixing rate of the reagents; the optimised reaction 
involves the slow addition of the 4-ethynylbenzyl alcohol to the other reagents over a 1 hour 
Scheme4.3 Synthetic route for ligand HC≡CL1 
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period, with a total yield of 65% and a final isolated yield of 60% after column 
chromatography. Also, the dryness of both solvents and reagents can influence the final yield. 
The ligand was fully characterised using NMR and IR spectroscopy, as well as elemental 
analysis and mass spectrometry. 
 
 
4.5.2 Synthesis of the probes 
 
Following the synthesis of the hydrophilic alkyne ligand HC≡CL1, the 
triphenylphosphine ruthenium and osmium vinyl complexes with general formula 
[M(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (M = Ru, Os) were prepared. As HC≡CL1 does not 
display any fluorescence properties, the design of this probe employs the 5-(3-thienyl)-2,1,3-
benzothiadiazole (TBTD) ligand in order to produce the fluorogenic response in the presence 
of carbon monoxide. Due to the structural analogy, it was expected that the displacement of 
the TBTD ligand would produce a similar fluorogenic response to probe 15. 
The preparation of the ruthenium probe [Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] 
was first attempted by following the optimised route described briefly in Chapter 3. This 
involves the insertion of the alkyne HC≡CL1 into the metal-hydride bond of 
[RuHCl(CO)(PPh3)3] followed by the addition of the TBTD ligand, leading to the formation 
of [Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22) in an almost quantitative yield (Route 1). 
However, in contrast to [Ru(CH=CHTol-4)Cl(CO)(TBTD)(PPh3)2] (15), the purification of 
the complex was not so straightforward. Ultrasonic trituration of the red solid with diethyl 
ether was only partially successful, as residual triphenylphosphine (ca. 20%) was found to 
remain in solution (
31
P NMR spectroscopy).  
To avoid this inconvenience, an alternative strategy was adopted which had also 
been applied to the preparation of the complexes of the TBTD series. This approach involves 
isolating the phosphine-free 5-coordinate [Ru(CH=CHL1)Cl(CO)(PPh3)2], which can then be 
used as the starting material in the preparation of the TBTD adduct via addition of the 
thienyl-BTD ligand (Route 2). Contrary to expectation, the purification of the 5-coordinate 
compound from the tris(triphenylphosphine) precursor also proved unsuccessful, possibly due 
to coordination between neighbouring metal centres of the oxygen donors on the 
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RuCH=CHL1 units (to the coordinatively-unsaturated metal centre). This synthetic route was 
therefore abandoned. 
 
 
 
Previous work by Hill and Wilton-Ely
91a
 has shown that the preparation of osmium 
vinyl complexes can be achieved starting from the hydrido compound 
[OsH(CO)(NCMe)2(PPh3)2]ClO4. It was realised that the problematic exchange between the 
PPh3 and TBTD ligands could be bypassed through the use of acetonitrile hydride complexes 
of general formula [MH(CO)(NCMe)2(PPh3)2]
+
 (M = Ru, Os) as starting materials. In this 
method, the removal of phosphine could be achieved before addition of the alkyne and 
ultimately require the TBTD ligand to induce the displacement of only one acetonitrile ligand 
instead of a triphenylphosphine (Scheme 4.5). 
The two acetonitrile complexes [RuH(CO)(NCMe)2(PPh3)2]BF4 and 
[OsH(CO)(NCMe)2(PPh3)2]ClO4 were prepared according to published procedures
91b
 and 
were used as precursors in the synthesis of complexes 22 and 23. The new route involves the 
Scheme 4.4 Synthetic routes 1 and 2 for the preparation of complexes 
[Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22) 
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reaction of HC≡CL1 with these ruthenium and osmium hydrido complexes under a nitrogen 
atmosphere in a 1:1 molar ratio.  
 
 
 
One of the acetonitrile ligands in the equatorial plane is then replaced by a chloride 
after the addition of a slight excess (1.5 eq) of [Et4N]Cl in methanolic solution. After 
eliminating the insoluble inorganic solids via cannula filtration, the resulting complexes 
[M(CH=CHL1)Cl(CO)(NCMe)(PPh3)2] (M = Ru, Os) were then treated with a degassed 
dichloromethane solution of the TBTD ligand to finally afford the desired red and purple 
compounds 22 and 23 in reasonably high yields (85% for 22 and 74% for 23). Singlets at the 
chemical shift values of 25.4 ppm, for the ruthenium, and -2.3 ppm for the osmium 
derivative, were displayed in the 
31
P NMR spectra, revealing the presence of the complexes 
and the absence of byproducts. Consistent with the chemical shifts reported in the literature, 
the alkenyl α- and β-protons of [Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (23) were found at 
9.33 and 6.10 ppm, respectively, and at 8.88 and 5.94 ppm for 
[Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22).  
Scheme 4.5 Novel route for the synthesis of [Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22) and 
[Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (23) 
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While needle-shaped single crystals of both compounds 22 and 23 were obtained 
via vapour diffusion methods using methanol and diethylether, these crystals were found to 
be unsuitable for X-ray diffraction. Despite such vinyl complexes generally displaying high 
crystallinity, the presence of the PEG chain seems to have an adverse influence on the crystal 
growth. 
By bubbling CO through methanol solutions of 22 and 23, the dicarbonyl 
derivatives 22·CO and 23·CO were obtained and isolated as off-white and brownish solids, 
respectively. 
 
 
4.5.3 Fluorogenic response, sensitivity and selectivity 
 
Once the probes had been prepared and fully characterised, their solubility in water 
was tested. Due to the presence of the more hydrophilic vinyl ligand MCH=CHL1, the water 
solubility of these probes was found to be significantly improved. While 10
-5
 M solutions 
were reasonably stable for one day in phosphate buffered saline (PBS) aqueous solutions (pH 
7.4), the formation of a fine precipitate was observed in more concentrated solutions after just 
few hours. However, by pre-dissolving the probes in acetone and then re-suspending them in 
the PBS solutions, the stability was substantially improved. 
PBS solutions of probes 22 and 23 (10
-5
 M, 0.1% acetone) were prepared and used 
in the fluorescence titrations with CO (Figure 4.14). 
Both probes show an immediate and distinctive fluorescence enhancement which is 
due to the release of the fluorescent TBTD ligand in solution. As with the other osmium and 
vinyl complexes discussed in Chapter 3, the displacement of the labile ligand produces an 
increase of the fluorescence emission resulting in detection limits of about 1 ppb of CO. To 
confirm that the fluorescence enhancement resulted from the displacement of TBTD by CO 
rather than the instability of the complexes, the fluorescence spectra were run every 5 
minutes in the presence and absence of CO over a 1 hour period. As no fluorescence 
enhancement was observed in the absence of CO, it can be concluded that the fluorescence 
response reflects the actual presence of the gas in solution and is not due to the spontaneous 
release of the TBTD ligand in aqueous solution (e.g., through displacement by water 
molecules).  
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Figure 4.14  An 11-fold turn-on emission fluorescence was observed in the CO titration experiment 
using the probe [Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (23) when 0 to 1000 ppm of CO was 
bubbled through the solution. 
 
Although the cellular matrix is hard to reproduce, increasing concentrations of 
amino acids and heteroaromatic compounds (tryptophan, imidazole, etc.) were added to the 
aqueous solutions of the probes in 20 μL aliquots, whilst the emission intensity was 
monitored. This experiment positively confirmed the selectivity of the probes towards CO as 
no increase in the TBTD luminescence was observed after the addition of these compounds 
(Figure 4.15). 
These experiments successfully demonstrated the potential of complexes 22 and 23 
as suitable CO sensors in cells. To summarise their attributes, the probes are a) sufficiently 
soluble in water, b) remarkably selective for CO, producing a remarkable fluorescence 
enhancement and c) emissive at higher wavelength than the range typical of protein 
emissions (250-400 nm). As discussed at the beginning of this Chapter, the three conditions 
listed above are crucially important when designing probes for single-molecule imaging in 
cells and, in this particular case, they are all fulfilled. 
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As discussed at the beginning of this Chapter, the three conditions listed above are 
crucially important when designing probes for single-molecule imaging in cells and, in this 
particular case, they are all fulfilled. 
Before testing the fluorescence response of probes 22 and 23 in cells, their 
cytotoxicity was tested on cervical cancer cell line (HeLa cells) via an MTT assay. 
 
 
4.5.4 Viability assay 
The determination of viability and cellular proliferation is a key stage in the 
evaluation of compounds for potential biological use. For instance, testing the effect of 
potential pharmaceuticals, contrast agents and anticancer compounds enables the prediction 
of their cytotoxic properties in mammals. There are several analytical assays available, which 
range from tetrazolium reduction to ATP detection, each one giving a precise indication of 
cellular metabolics and cellular growth as well as specific protease activities.
92
 This 
information can be obtained by carrying out these simple assays and monitoring the results 
using standard fluorescence and luminescence plate readers.  
Figure 4.15 Normalised emission intensity of probe 22 in the presence of various interferents 
(imidazole, tryptophan, NOx) and CO. 
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Figure 4.16 Above, the scheme shows the reduction of the tetrazolium MTT salt, which results in the 
formation of the resulting purple indicator in the 96-well plates. Below is the percentage viability of 
the TBTD ligand (dark blue), [Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22) (green) and 
[Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (23) (light blue) at a concentration of 200 μM after 1, 3, 24 
and 72 hours (3% error bar). 
%
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In this study, the MTT assay was used to measure the effect of probes 
[Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22), [Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (23) 
and the thienyl-BTD ligand on the viability of HeLa cells. The MTT assay is a colorimetric 
assay that assesses the reduction of the cell viability (balance between living and dead cells) 
over time, when the cells are incubated with a compound. This assay involves the reduction 
of the tetrazolium salt MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) 
by mitochondrial dehydrogenase (Figure 4.16). During this process, the yellow MTT is 
reduced to the purple formazan by metabolically active cells (living cells), whereas it is not 
internalised and metabolised by dead cells. The resulting intracellular purple product, which 
can be spectrophotometrically quantified, indicates the degree of cell viability in the presence 
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of different concentrations of the ruthenium and osmium vinyl probes and the free thienyl-
BTD ligand (Figure 4.16). 
The viability test was performed in 96-well plates where the HeLa cells were 
placed at a density of 15000 cells per well. The cells were incubated with the probes 22 and 
23, as well as the free TBTD ligand, at concentrations between 250 and 1 μM for 1, 3, 24 and 
72 hours. The MTT assay reveals the probes to be non toxic at all concentrations after 
incubations of 1 and 3 hours. After 24 hours, the cells show a lower degree of proliferation 
(80%) at high probe concentrations in comparison to shorter incubation times. The complete 
collection of the plate data analysis is reported in the Appendix. 
As far as the CO sensing is concerned, the imaging of CO in cells would take 
approximately 2 to 3 hours, during which space of time the viability was found to be very 
close to 100%. 
 
4.5.5 Testing of the probes in cells  
Once the cytotoxicity assays had been completed, the ability of the probes 
[Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22) and [Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] 
(23) was evaluated for the visualisation of changes in CO levels in live cells using confocal 
microscopy. These experiments were carried out with the help of Cristina de la Torre and 
Cristina Marín Hernandez at the Polytechnic University of Valencia. 
The first challenge was to detect and quantify the levels of endogenous CO (see 
Section 4.1) present in the cells. Thus, HeLa cells were incubated with the probes 22 and 23 
(50 μM) and examined using the confocal microscope over a 1 hour period. According to the 
limit of detection determined from the CO titration experiments, any concentration of CO 
above 1 μM could be visualised by the microscope. Although the titration experiments 
indicated this possibility, no clear fluorescence emission was observed (Figure 4.17).  
From this somewhat negative result it was possible to make a number of positive 
observations. An important result is that the probes seem to be highly stable in the cellular 
medium as no release of the TBTD ligand can be observed during the 3 hour measurement 
window. 
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HeLa cells (Control) HeLa cells incubated 
with probe 22
HeLa cells incubated with 
CORM-3 + probe 22
 
 
 
For instance, if we compare the images of HeLa cells incubated with the probes 
(Figure 4.17, centre) with the images of the cells incubated with TBTD only (Figure 4.18, 
centre) at the same concentration, it is clear that no free fluorescent ligand can be visualised 
in the cells treated with the probes, which indicates that no decomposition (or ligand release) 
is occurring. It also confirmed that the blue emission of the TBTD ligand can be seen using 
the confocal microscope, although at quite low intensity. 
 
 
Figure 4.17 Microscopy images show HeLa cells in transmitted light (top) and confocal (bottom) 
modes. On the left, HeLa cells are reported as control while in the centre and on the right HeLa cells 
incubated with just probe 22 (50 μM) and with both probe 22 (50 μM) and CORM-3 (50 μM , see 
Figure 4.3) are reported, respectively. The blue emission of the TBTD ligand is visible only when 
the cells have been pre-incubated with CORM-3 leading to higher levels of CO being generated and 
thus favour the release of the fluorescent TBTD ligand and the formation of the dicarbonyl complex 
22·CO. 
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HeLa cells (Control) HeLa cells incubated 
withTBTD
HeLa cells incubated with 
CORM-3 + probe 23
 
 
 
 
 
 
 
 
 
 
The issue of the low intensity of the emission is not only dependent on the 
fluorophore but also related to the microscope settings. The lowest operating excitable 
wavelength of the confocal microscope used for this study was 405 nm, which is 
approximately 50 nm higher than the ideal excitation wavelength of the TBTD ligand. This 
resulted in only partial excitation of the fluorophore by the laser and therefore in a lower 
degree of emission. 
Figure 4.18 Microscopy images showing HeLa cells in transmitted light (top) and confocal 
(bottom) modes. On the left, HeLa cells only are reported as control while the images in the 
middle show HeLa cells incubated with TBTD only (100 μM). The blue fluorescence of the 
TBTD ligand is visible in cells incubated with the probe 22 (50 μM) together with CORM-3 
(50 μM), indicating the displacement of the TBTD takes place when higher levels of CO are 
present. 
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In consideration of the lack of lower wavelength excitation sources (350-370 nm), 
the use of a wide-field microscope equipped with suitable filters for selecting the optimal 
excitation wavelength will be employed in future experiments. It is hoped that this will lead 
to a much stronger emission, allowing the detection of endogenous CO. 
Based on previous work in the literature,
54,55
 CORM-3 was employed as a safe 
source of CO, to verify whether the vinyl probes [Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] 
(22) and [Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (23) could detect higher concentrations of 
CO caused by the release of CO from CORM-3 (see Figure 4.3). Hence, HeLa cells were 
incubated with CORM-3 for about 30 minutes, during which time carbon monoxide was 
released into the cellular medium. Each probe was then added and the emission response was 
visualised using the confocal microscope. Significantly, the blue emission of the TBTD 
ligand was observed only a few minutes after the addition of the probe with a remarkable 
dose-dependent emission increase. This should be compared with the slow response (60 
mins) of the leading molecular probe reported by Chang.
54
 It can clearly be seen that the 
higher the concentration of CORM-3 (and therefore CO) that is present, the higher the 
corresponding emission intensities that are measured. Despite these encouraging results, the 
release of TBTD can only be observed at high concentrations of CORM-3 (above 100 μM), 
which are thought to be significantly higher than the levels of the endogenous CO.  
Overall, the measured emission seemed to be localised only in the cytoplasm, 
although this could not be ascertained unambiguously as common nuclei- and organelle-
staining agents (e.g. DAPI or Hoechst) are also detected in the blue channel. 
Moreover, it is currently not clear whether the levels of endogenous CO cannot be 
visualised as a consequence of intrinsic limitations of the probes or due to the sub-optimal 
microscope settings. This will be elucidated in further work on these probes as part of the 
ongoing programme. 
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4.6 Probes for CO supported on gold nanoparticles (AuNPs) 
In this final section, vinyl probes supported on gold nanoparticles are discussed as 
a new CO-sensing system. 
Gold nanoparticles (AuNPs) have been extensively studied for their potential 
application in biomedicine as drug vectors,
71
 gene-delivery carriers
93
 and theranostic agents.
94
 
Recently, the combination of diagnostics and therapeutic properties has been exploited 
through use of nanomaterials. For example, the facile functionalisation of gadolinium-based 
MRI contrast agents on AuNP surfaces,
95
 combined with the photothermal properties of these 
nanomaterials, opens up new frontiers in the field of theranostics.
96
  
Gold nanoparticles have also shown promising results as electrochemical and 
optical biosensors
24
 and, for this reason, they have been intensively developed in the past 
decade. The optical sensing mechanism often relies on the different plasmonic properties of 
these materials in the presence of analytes.
97
 The number of publications on plasmonic 
colorimetric detectors for bioassays and small biomolecule sensing demonstrates that this is 
an area of continuous growth.
98
   
With this in mind, the possibility of functionalising the surface of gold 
nanoparticles with a ruthenium vinyl probe was explored in order to make progress in the 
real-time sensing of carbon monoxide in cells. As mentioned in Section 4.5, this study is 
complementary to the work on the water-soluble probes 
[Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22) and [Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] 
(23) and some of the structural considerations reported for the design of these probes will 
also be relevant in this context of nanoscale materials. 
The aim of this work was to optimise a protocol for supporting ruthenium vinyl CO 
probes onto water-soluble gold nanoparticles, which can ultimately be applied as sensing 
platforms (Figure 4.19). In order to achieve the solubility of the probes in water, PEGylated 
thiols were used to functionalise the surface of the nanoparticles alongside the probes.  
Once again, the sensing mechanism to be exploited is based on the remarkable 
reactivity of the metal vinyl probes towards CO and on the release of the fluorescent labile 
ligand 5-(3-thienyl)-2,1,3-benzothiadiazole (TBTD). 
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4.6.1 Ligand design and synthesis 
As a starting point for this work, a new ligand capable of tethering the metal vinyl 
complexes to the gold nanoparticles was needed.  
Considering the promising results obtained with ligand HC≡CL1 (Section 4.5.1), it 
seemed obvious to design a new ligand which would be capable of tethering to the 
nanoparticles at one end and to undergo hydrometallation with a metal hydride at the other.  
Commonly, the functionalisation of AuNPs is achieved using thiols,
70
 and less 
commonly, but nonetheless efficiently, using dithiocarbamates.
99-102
 In both cases, the strong 
affinity between gold and sulfur is exploited to obtain highly-organised mixed surfaces. For 
similar considerations to those made in Section 4.5.1 regarding the reactivity of the metal 
hydride precursors towards the alkyne, the use of compounds bearing both highly reactive S-
donor groups and alkyne functionality can be problematic. 
Therefore, it was crucial to design a ligand with both ethynyl and thiol 
functionalities but that would not participate in competitive reactions with the metal hydrido 
precursors. 
For these reasons, (±)-α-lipoic was chosen as starting material for the preparation 
of this new ligand as the cyclic disulfide unit is unreactive towards the metal hydride. 
However, their ‘activation’ (through reduction) in the presence of gold favours the binding of 
the ligand to the AuNPs surface. On the other hand, the presence of the carboxylic group 
provides the scope for functionalisation.  
Figure 4.19 Schematic representation of the metal vinyl probe supported on gold 
nanoparticles and the anticipated sensing mechanism. 
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Two (±)-α-lipoic acid derivatives HC≡CL2 and HC≡CL3 (Scheme 4.6) were 
prepared through a Steglich esterification reaction of (±)-α-lipoic acid with either 3-butyn-1-
ol or 4-ethynylbenzyl alcohol, respectively,
103
 following the same experimental procedure 
used for the preparation of HC≡CL1. The two ligands were purified via flash-column 
chromatography and isolated as yellow sticky oils in modest yields and were fully 
characterised via 
1
H, 
13
C NMR and IR spectroscopy, mass spectrometry and elemental 
analysis. 
The structural difference between HC≡CL2 and HC≡CL3 is critically important in 
the isolation and purification of the probe. 
 
 
4.6.2 Preparation of the probes using HC≡CL2 and HC≡CL3. 
The synthesis of the two ruthenium complexes of general formula 
[Ru(R)Cl(CO)(TBTD)(PPh3)2] (R = CH=CHL2, 24; CH=CHL3, 25) was initially attempted 
by treating the ruthenium tris(triphenylphosphine) hydride [RuHCl(CO)(PPh3)3] with the 
respective alkynes HC≡CL2 and HC≡CL3.  
Despite attempting the synthesis under different conditions and using various 
solvents, the reaction of HC≡CL2 with the ruthenium hydride was found to be inconclusive, 
as the isolation of the desired complex (from several byproducts) was not possible.  
One possible reason for this failure can be ascribed to the flexibility of the alkyl 
chain in close proximity to the alkyne group. The free rotation around the C C bond 
(Figure 4.20) can cause possible interactions between the vicinal oxygen atom and the metal 
Scheme 4.6 Synthesis of ligands HC≡CL2 (R = 3-butynyl) and HC≡CL3 (4-ethynylbenzyl) from 
(±)-α-lipoic acid and a suitable alcohol. 
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centre, resulting in a variety of possible complexes with 6- or 8-membered chelates. The 
stabilisation of these chelates could also influence the regiochemistry of hydrometallation to 
give the Z-product, in contrast to the usual exclusive formation of the E-product. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Studies by Hill et al. seem to validate this hypotheses.
104
 Additionally, the presence 
of multiple doublets-of-triplets in the 
1
H NMR spectrum with chemical shifts around 5.0-6.5 
and 8.5-9.5 ppm indicates the formation of various vinyl products, also confirmed by the 
multiple singlets at ca. 25 ppm in the 
31
P NMR spectrum.  
Although no clear evidence for this was observed, it is also possible that the 
disulfide bond of the (±)-α-lipoic ester group could be reduced by the free phosphine which is 
partially released during the alkyne insertion.
102b
 This inconvenience could explain the 
formation of other phosphorus-containing species revealed by the 
31
P NMR spectrum. 
Figure 4.20 Examples of possible interactions between the (±)-α-lipoic ester chain and the 
metal centre. 
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With all the attendant issues experienced in the synthesis of probe 
[Ru(CH=CHL2)Cl(CO)(TBTD)(PPh3)2], it was decided to focus on the investigation of the 
other probe, [Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2]. 
By employing the more rigid design of the HC≡CL3 ligand with a tolyl spacer, the 
former issues were resolved. It thus appears that the structural difference between HC≡CL2 
and HC≡CL3 plays a major role in the preparation of these ruthenium probes. The reaction 
between the ruthenium hydride and HC≡CL3 works particularly well due to the presence of 
the C6H4 substituent on the terminal alkyne, which confers higher conformational stability. 
The following reaction with the TBTD ligand also proceeded successfully affording a deep 
red air-stable compound. 
The α- and β-protons were found to resonate at 8.84 and 5.92 ppm in the 1H NMR 
spectrum confirming the E-regiochemistry of the alkenyl group with a JHH coupling of 16.7 
Hz, while the JHP coupling of 3.2 Hz displayed by the downfield resonance corresponds to a 
long-range coupling to the two mutually trans phosphines (25.4 ppm (s) in the 
31
P NMR 
spectrum). 
Similar to what was reported in Section 4.5.2 for probes 22 and 23, the removal of 
the free triphenylphosphine released by the exchange with the TBTD ligand proved 
extremely challenging by crystallisation. However, ultrasonic trituration of the complex with 
diethyl ether and petroleum ether allowed the removal of 70% of the free PPh3.  
To eliminate contamination with the free phosphine, the route used for the 
preparation of probes 22 and 23 (described in the previous section) was attempted. Starting 
from [RuH(CO)(NCMe)2(PPh3)2]BF4 using the same protocol, it was possible to obtain 
[Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (25), although in low yield (25%). This result is 
dependent to the solubility of the ligand HC≡CL3 in dichloromethane, which was found to be 
notably reduced over time. The compound HC≡CL3 was stored in the freezer at -20 ºC to 
avoid potential degradation. 
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CH≡CL3 
CH≡CL3HC≡ 3
HC≡CL3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The mass spectrum displays the presence of a principal peak at m/z 1051 
corresponding to the complex in which acetonitrile substitutes the TBTD ligand. Moreover, 
the additional presence of a peak for the molecular ion at m/z 1215 presents the typical 
ruthenium isotope pattern. In the solid state infrared spectrum, the characteristic carbonyl 
absorption is found at 1922 cm
-1
 and can be easily differentiated from the C=O stretching 
absorption of the ester (1728 cm
-1
). 
 
4.6.3 Reactivity towards CO and chromogenic response 
Following the successful synthesis of probe 25, the complex 25 CO was 
prepared by bubbling an excess of gaseous carbon monoxide into a dichloromethane solution 
of 25 to prove the immediate reactivity of the probe towards CO. 
Scheme 4.7 Preparation of probe [Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (25)   
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CH≡CL3 
As with the probes mentioned previously, a clear naked-eye variation of the colour 
takes place as the dichloromethane solution becomes light yellow when carbon monoxide is 
added (Figure 4.21). The resulting 25·CO was also fully characterised. The slightly upfield 
singlet peak in the 
31
P NMR spectrum, at 23.9 ppm, and the two absorptions at 2031 cm
-1
 and 
1967 cm
-1
 in the infrared spectrum indicated the formation of the dicarbonyl derivative. 
Moreover, the 
1
H NMR spectrum confirmed the absence of free PPh3 in solution. The mass 
spectrometric analysis further demonstrated the overall formulation of the compound with the 
molecular peak at m/z 1044. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4.21 Colour and UV-Vis spectral changes resulting from the reaction of 
[Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (25) with carbon monoxide to afford 
[Ru(CH=CHL3)Cl(CO)2(PPh3)2] (25·CO). 
25 
25·CO 
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4.6.4 Citrate-capped gold nanoparticle synthesis 
After successfully completing the synthesis of 
[Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (25), the functionalisation of the probe onto the 
surface of gold nanoparticles was then investigated. 
The preparation of the citrate-capped gold nanoparticles (ccAuNPs) was achieved 
through the conventional Turkevich method first developed in 1951,
105,106
 which consists in 
the reduction of the gold(III) precursor HAuCl4 to Au(0). This is achieved through the use of  
citrate trisodium salt, which acts both as reducing agent and surfactant, as it stabilises and 
covers the entire surface of the resulting colloidal gold.  
The gold(III) precursor and the citrate were added in different ratios in order to 
obtain gold nanoparticles of two different sizes.
107,108
 As reported in the literature, by 
decreasing the citrate/gold ratio, it is possible to increase the size of the nanoparticles. Two 
different batches of ccAuNPs were prepared in 2.8:1 and 3.8:1 ratios. The reaction protocol 
involves boiling an aqueous HAuCl4 solution after adding the desired amount of citrate. The 
bright yellow gold solution turns dark violet after a few minutes after the addition and finally 
becomes a purple colour, which indicates the successful formation of colloidal gold. The 
difference in size between the two batches of gold nanoparticles can be appreciated from the 
UV-Vis spectra, as the surface plasmon resonance (SPR) band of the larger AuNPs (formed 
using the 2.8:1 ratio) is red-shifted with respect to the corresponding SPR band of the smaller 
nanoparticles (3.8:1 ratio). This observation is consistent with reports in the literature.
107, 108 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.22 The UV-Vis spectra of the two batches of AuNPs showing a bathochromic shift of 
the plasmonic band between batches 1 and 2. 
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Special care needs to be taken while handling the nanoparticles as high 
temperatures and harsh centrifugation conditions can lead to nanoparticle agglomeration or 
even the formation of thin layers of metallic gold.  
 
 
4.6.5 Functionalisation of gold nanoparticles 
 
Following the synthesis of the ccAuNPs, the nanoparticles were functionalised via 
ligand exchange to obtain [Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2]@AuNPs.  
As it was important for the nanoparticles to maintain their water-solubility and fine 
dispersion in solution, thiolated polyethylene glycol (PEG-SH, Mn 2000) was also 
incorporated on the surface of the AuNPs, along with the CO probe 
[Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (25). 
Initially, the nanoparticles were functionalised using a one-pot protocol where both 
probe 25 and PEG-SH were added to the solution of nanoparticles at the same time. 
Unfortunately, Transmission Electron Microscopy (TEM) images and Energy-Dispersive X-
Ray Spectroscopy (EDS) revealed the presence of agglomerated nanoparticles with no 
apparent presence of ruthenium on the surface.  
The failure of this protocol was attributed to the reactivity between the ruthenium 
complex 25 and PEG-SH, which was also confirmed by a 
31
P NMR spectroscopy experiment 
conducted in deuterated acetone, which showed these species reacted to form a series of new 
phosphine-containing compounds. The presence of these different phosphorus environments 
suggested the formation of complexes, such as [Ru(CH=CHL3)(S-
PEG)(CO)(TBTD)(PPh3)2], through the interaction of 25 with the PEG-thiol group.  
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To avoid such unwanted reactions between the probe and the PEG-thiol, a two-step 
protocol was adopted. This involved the PEGylation of the nanoparticles (Figure 4.23, Step 
1), followed by removal of the non-reacted PEG-SH via centrifugation and washing (Step 2) 
and finally the addition of probe 25 (Step 3). The PEGylation step is crucial in order to 
achieve a good balance between solubility and surface coverage; achieving full coverage is in 
fact undesirable as the subsequent addition of the probe (Step 3) could cleave the PEG thiol 
from the surface of the nanoparticles. This could then result in a reaction with the probe and 
thus inhibit the reactivity of the probe towards carbon monoxide. Based on the work by 
Millstone et al.,
109
 in which the authors estimated the required molar PEG-SH/Au ratio to 
completely cover the surface of a 13 nm nanoparticle, it was decided to use a 0.5:1 PEG-
SH/Au ratio in order to only partially cover the surface of the nanoparticles. 
  
  
Figure 4.23 Schematic representation of the functionalisation of AuNPs with the ruthenium probe 25 
Figure 4.24 TEM images of gold nanoparticles prepared using the Turkevich method, successfully 
PEGylated and functionalised with probe 25. On the right is a detail of the nanoparticles, in which the 
atomic planes of the gold are visible. 
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The reaction, carried out at room temperature, was performed by slowly adding the 
aqueous solution of PEG-SH to both batches (prepared using ratios of 2.8:1 and 3.8:1, see 
Section 4.6.2) of the citrate-capped AuNPs. The resulting solutions were concentrated and 
thoroughly washed to remove excess PEG polymer. The molecular metal probe was 
subsequently added to the washed pellet in a 1:1 proportion with respect to the PEG-SH. 
Thus, the probe [Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (25) was added to the purple-black 
PEGylated nanoparticles as a 10
-4
 M acetone solution; the miscibility of water with acetone 
allowing the functionalisation to take place. After a 1 hour reaction, the nanoparticles were 
again washed and ready to be analysed. 
The TEM images display reasonably high regularity in the shape and size of the 
nanoparticles as well as good dispersion. The two batches of AuNPs did not actually display 
a great difference in size as both materials measured about 30-35 nm in diameter. EDS 
analysis highlighted the presence of ca. 6% of ruthenium on the surface (Appendix). 
Due to time constraints, it was not possible to analyse the nanoparticles with 
Thermogravimetric Analysis and Inductively Coupled Plasma Atomic Emission 
Spectrometry (ICP-AES) to determine the exact loading of ruthenium. However, the presence 
of ruthenium on the surface was confirmed via CO titration experiments using the 
fluorimeter. 
 
 
 
4.6.6 CO Sensing with gold nanoparticles through the 
fluorogenic response 
 
Once the probe-functionalised nanoparticles had been prepared and characterised, 
the fluorogenic response of [Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2]@AuNPs was 
investigated and compared to the fluorogenic response of the non-immobilised probe 
[Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2]. 
The molecular probe [Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (25) performs 
reasonably well in dichloromethane solution, displaying a 4-fold fluorescence enhancement 
in the presence of 500 ppm of CO. However, while the quenching process seems to be 
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efficient in the nanoparticle-based probe, the fluorescence of the attached TBTD ligand 
seems not to be completely quenched in the case of the molecular probe 25. In fact, it appears 
that, when probe 25 is attached to the surface of the nanoparticles, this residual emission is 
completely annihilated. In addition to the heavy-atom quenching of the ruthenium centre, the 
close proximity of the probe to the electron cloud at the surface of the gold appears to aid the 
quenching of the TBTD ligand significantly. The release of the TBTD ligand from the 
ruthenium immobilised on the surface of the gold causes an 8-fold fluorescence enhancement 
through revival of the TBTD fluorescence (Figure 4.24). 
In both cases, the fluorescence response is immediate but, in the case of the 
nanoparticle-based probes, the detection of CO is carried out in water instead of organic 
solvents. 
 
 
Despite these very promising results, the further studies on the nanoparticles for the 
imaging of CO in cells could not be performed due to time constraints.  
 
 
Figure 4.24 Comparison of the fluorogenic responses of the molecular (left) and nanoparticle-based 
(right) sensing systems. The titration of a 10-5 M solution of probe 
[Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (25) in DCM with carbon monoxide produces a 4-fold 
fluorescence revival whereas the CO titration of a solution of the probe@AuNPs in aqueous medium 
(PBS buffer pH 7.4) with carbon monoxide results in an 8-fold fluorescence enhancement. The 
emission maximum is red-shifted in the case of the nanoparticles because of the polar effect of the 
aqueous solvent. 
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4.7 Summary and conclusions 
In this chapter, the biological role of CO as signalling and therapeutic molecule has 
been described, followed by the contribution of this work towards the detection of carbon 
monoxide in living cells.  
Following the outstanding results obtained for the detection of CO in air, the aim 
was to modify the structure of the metal vinyl compounds to achieve water solubility. 
Initially the possibility of incorporating water-soluble triphenylphosphine variants 
into the structure of the metal compounds was explored. The monosulfonated phosphines 
(TPPMS) were synthesised via direct sulfonation of the triphenylphosphine and were used in 
the synthesis of the TPPMS vinyl complexes. After a number of attempts, the complexes 
[Ru(CH=CHTol-4)Cl(CO)(TBTD)(TPPMS)2] (20) and [Ru(CH=CHPyrenyl-
1)Cl(CO)(BTD)(TPPMS)2] (21) were successfully synthesised via a ligand exchange reaction 
between PPh3 and TPPMS. However, due to stability issues, the probes did not display any 
clear response towards carbon monoxide and so the option of achieving solubility via the 
modification of the phosphines was abandoned. 
As an alternative to the previous approach, it was attempted to achieve the 
solubility in water via the modification of the vinyl ligand. The ligand HC≡CL1, bearing a 
hydrophilic PEG chain as well as an alkyne group, was prepared in good yield and purity via 
an esterification reaction. Using this new ligand, the synthesis of the complexes 
[Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22) and [Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] 
(23) was successfully performed via hydrometallation and TBTD addition starting from the 
bis(acetonitrile) precursors [MH(CO)(NCMe)2(PPh3)2]
+
 (M = Ru, Os). Their fluorogenic 
response towards CO was then verified in phosphate saline buffered (PBS) aqueous solution 
with remarkable results. The probes show an 11-fold fluorescence enhancement in the 
presence of toxic concentrations of CO, with a detection limit found in the ppb range. The 
response was also found to be selective towards CO over common biological interferents. 
MTT assays confirmed the non-cytotoxic nature of both probes (22 and 23) and the 
TBTD ligand. Preliminary results for the optical imaging of CO in cells were obtained using 
a confocal microscope. Unfortunately, the low emissivity of the released TBTD (due to the 
inability to excite at the correct wavelength) did not allow the detection of endogenous CO in 
HeLa cells. However, it was possible to image the amount of CO released by CORM-3, 
which was incubated in the cells before addition of the probes. 
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Finally, inspired by the relatively positive results obtained with these latter probes, 
the attachment of a ruthenium TBTD vinyl probe to the surface of gold nanoparticles was 
investigated. Due to the tether requirements of these nanomaterials, a new ligand HC≡CL3 
was successfully designed and used in the preparation of the ruthenium complex 
[Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (25) via the same route optimised for probes 22 and 
23. Gold nanoparticles of about 30-35 nm size were prepared via the Turkevich method and 
were first functionalised with PEG-thiols followed by addition of probe 25 via ligand 
exchange. Transmission Electron Microscopy analysis confirmed the regularity in size and 
distribution of the nanoparticles while Energy Dispersive X-Ray Spectroscopy indicated the 
presence of about 6% of ruthenium on the surface. 
Preliminary CO titration measurements indicated the promising response of the 
probe-functionalised gold nanoparticles, which resulted in a greater fluorescence 
enhancement than the molecular probe 25, due to more efficient quenching by the 
nanoparticle.
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5.1 General considerations 
Elemental analysis was performed by Stephen Boyer at London Metropolitan 
University. Mass spectrometry analyses were performed by Dr. Lisa Haigh (Imperial 
College) while the crystallographic data were kindly collected and analysed by Dr. Andrew 
White at Imperial College London. The NMR experiments in Chapter 2 were run with the 
generous help of Mr. Pete Haycock. 
For simplicity, the characterisation of the compounds are divided into three sections, 
corresponding to the chapters of this thesis. 
 
5.1.1 Materials 
The complexes [RuHCl(CO)(PPh3)3],
1
 [RuHCl(CO)(BTD)(PPh3)3],
2
 
[OsHCl(CO)(BTD)(PPh3)2],
3
 [Os(CH=CHTolyl-4)Cl(CO)(BTD)(PPh3)2] (13),
3
 
[Os(CH=CHC6H4Me-4)Cl(CO)2(PPh3)2] (13·CO),
3
 [Ru(P=CH
t
Bu)Cl(CO)(PPh3)2],
4
 
[Ru(P=CH
t
Bu)Cl(CO)2(PPh3)2],
4
 [Ru(CH=CHC6H5)Cl(CO)2(PPh3)2] (9·CO)
5
 and TPPMS 
(19)
6
, [Ru(CH=CHTolyl-4)Cl(CO)(PPh3)2] (2),
7
 [Ru(CH=CHPyrenyl-1)Cl(CO)(PPh3)2] (4)
8
 
were prepared according to published procedures. The ligands HC≡CL1, HC≡CL2, HC≡CL3 
were prepared using an adapted literature procedure.
9 
All the chemicals and solvents were purchased from Alfa-Aesar, Sigma-Aldrich 
and VWR and were used without further purification, unless otherwise stated. Ruthenium 
tris-bipyridine hexahydrate and perylene were kindly donated by Prof. Ramón Martínez-
Mañez (Polytechnic University of Valencia) and used as standard reference compounds for 
quantum yield calculations. Sephadex G10 was purchased by Sigma Aldrich. Solvents used 
for UV-Vis and fluorescence measurements were thoroughly degassed with nitrogen before 
use. All experiments and manipulations of compounds were conducted in air, unless 
otherwise specified. The commercially-available carbon monoxide lecture bottle (N3.7, 
purity 99.97%, with a CONCOA 302 – 2322 – CGA180 single-stage regulator) and sulfur 
dioxide lecture bottle (N3.7, purity 99.9%) were purchased from CK Special Gases Limited 
and were used for the titration experiments. The gases used as interferents in this work were 
generated in situ according to standard protocols (see Appendix). These procedures provided 
materials of sufficient purity for synthetic and spectroscopic purposes. All moisture and 
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oxygen sensitive compounds were prepared using standard Schlenk line and cannula 
techniques. Solvent mixtures are volume/volume mixtures. Solvents used in the reactions of 
oxygen and moisture sensitive compounds were dried and degassed according to standard 
techniques. Toluene was dried by passage through a column containing 3 Ǻ molecular sieves. 
Triethylamine was distilled under nitrogen over calcium hydride after passing through 4 Ǻ 
molecular sieves. Johnson Matthey Ltd is gratefully acknowledged for the generous loan of 
ruthenium trichloride.  
 
5.1.2 Methods and instruments 
Waters LCT Premier ES-ToF (ESI) and a Micromass Autospec Premier (LSIMS) 
spectrometer were used for electrospray and high-resolution mass spectra (accurate mass 
mode). Further mass spectra analyses were performed at the Servei d’Espectrometria de 
Masses of the Universitat de València, Spain, on a Quadrupole time of flight (QqTOF) 5600 
system (Applied Biosystems-MDS Sciex) spectrometer for high resolution mass spectra. The 
HRMS was operated in positive mode under the following conditions: Gas1 35 psi, GS2 35, 
CUR 25, temperature 450 ºC, ion spray, voltage 5500 V. Standard FTIR spectra were 
measured using a Perkin Elmer Spectrum GX spectrometer. UV-Vis spectra were recorded 
with a Perkin Elmer Lambda-20 (Imperial College) and a Jasco V-650 (Polytechnic 
University of Valencia) spectrophotometer equipped with a diffuse reflectance sphere (model 
ISV-722) for diffuse reflectance. In the latter case, measurements were conducted at room 
temperature over a wavelength range of 350-800 nm with 1 nm wavelength step. 
Fluorescence measurements in solution were carried out using a Jasco FP-8500 (Polytechnic 
University of Valencia) and Agilent (Varian) Cary Eclipse (Imperial College London) 
spectrofluorimeters. Fluorescence measurements on solids were carried out with a Jasco FP-
8500 (Polytechnic University of Valencia) fitted with a powder sample cell block (model 
JASCO FPA-810). Fluorescence lifetimes were measured at the Polytechnic University of 
Valencia using a EasyLifeTM fluorescence lifetime fluorimeter equipped with a 340 nm 
NanoLED pulsed diode (nanosecond excitation pulses – spectral bandwidth of 2 – 10 nm). 
Fluorescence quantum yields Φ were determined by the comparative method10 using 
ruthenium tris(bipyridine) hexahydrate and perylene as fluorescence standards. The gold 
nanoparticle samples were centrifuged using a Thermo Scientific Heraeus Labofuge 200 
Centrifuge (CFH-130-010Y) and a Thermo Scientific MySpin12 mini centrifuge. The TEM 
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images and EDS data were obtained at Imperial College using a JEOL 2010 high-resolution 
TEM (80−200 kV) equipped with an Oxford Instruments INCA EDS 80 mm X-Max detector 
system. For the experiments with the gases, a gas mixer was connected to carbon monoxide 
and argon cylinders to afford CO/Ar mixtures at different ratios. The gases were purged at 
different flow rates (0 – 200 mL/min). Carbon monoxide concentrations were measured using 
an ambient carbon monoxide analyzer (Testo 315-2 model 0632 0317), properly validated 
with an ISO calibration certificate issued by Instrumentos Testo, Cabrils (Spain).  
 
5.1.3 NMR spectroscopy 
NMR spectroscopy was performed at 29 K using a Bruker AV400 or 500MHz 
spectrometer at room temperature in CD2Cl2 unless otherwise stated. 
1
H NMR and 
13
C NMR 
chemical shifts (δ) were referenced to the residual non-deuterated solvent signal and the 13C 
signal of the deuterated solvent respectively. The deuterated solvents were all purchased from 
Sigma Aldrich. 
31
P NMR chemical shifts were referenced externally to H3PO4 85% in H2O 
respectively and were all proton decoupled. NMR spectra for air sensitive compounds were 
recorded under a nitrogen atmosphere with suitable Young’s tap NMR tube. NMR signal 
multiplicities are described by the following abbreviations: s (singlet), d (doublet), t (triplet), 
q (quartet), m (unresolved multiplet), dd (doublet of doublet), dt (doublet of triplet). 
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5.2 Synthesis of the complexes in Chapter 2 
 
Synthesis of Compounds 1 and 2 
The ruthenium hydride precursor [RuH(Cl)(CO)(PPh3)3] was added to dichloromethane 
(10ml) to form an off-white suspension following the addition of the alkyne to afford a bright 
red solution. After stirring at reflux for 30 min, the solvent was removed under vacuum, the 
resulting powder was resuspended in diethyl ether (10ml), triturated for a few minutes and 
the product was collected via filtration. 
5.2.1 [Ru(CH=CHTolyl-4)Cl(CO)(PPh3)2] (1)
7
 
The reaction of [RuH(Cl)(CO)(PPh3)3] (0.500 g, 0.524 mmol, 1.0 eq) with 4-ethynyltoluene 
(86 μl, 0.68 mmol, 1.3 eq) afforded complex 2 as a red solid powder (0.31 g, 71%). IR 
(νmax/cm
-1
): 1918 (CO), 1575 (C=C); 
1
H NMR (CD2Cl2) H: 8.30 (dt, JHH = 13.0 Hz, JHP = 2.2 
Hz, 1H, Hα), 7.54  7.62 (m, 12H, PPh3), 7.39  7.53 (m, 18H, PPh3), 6.97, 6.71 (d, 2 x 2H, 
AB, JAB = 7.8 Hz,C6H4), 5.57 (dt, JHH = 13.0 Hz,
 
JHP = 2.0 Hz, Hβ), 2.27 (s, 3H, tolyl-CH3); 
31
P NMR (CD2Cl2) P: 30.8 (s, PPh3); MS (ESI +ve; abundance): m/z 812 (100) [M]
+
. 
 
5.2.2 [Ru(CH=CHPh)Cl(CO)(PPh3)2] (2) 
The reaction of [RuH(Cl)(CO)(PPh3)3] (0.500 g, 0.524 mmol, 1.0 eq) with phenylacetylene 
(75 μl, 0.681mmol, 1.3 eq) afforded complex 1 as a bright orange solid (0.30 g, 72%). IR 
(νmax/cm
-1
): 1908 (CO), 1586 (C=C). 
1
H NMR (CD2Cl2) H: 8.42 (dt, JHH = 13.1 Hz,
 
JHP = 2.2 
Hz, 1H, Hα), 7.56  7.62 (m, 12H, PPh3), 7.39  7.53 (m, 18H, PPh3), 6.78  7.19 (m, 5H, 
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phenyl), 5.62 (dt, JHH = 13.1 Hz, JHP = 2.1 Hz,
 
1H, H); 31P NMR (CD2Cl2) P: 30.9 (s, 
PPh3); MS (ES +ve, abundance): m/z 798 (100) [M]
+
.  
  
 
Synthesis of Compounds 3 and 4 
The ruthenium hydride precursor [RuH(Cl)(CO)(PPh3)3] was added to dichloromethane 
(10ml) to form an off-white suspension following the addition of the alkyne to afford a bright 
red solution. After stirring at room temperature for 15 min, the solvent was removed under 
vacuum, the resulting powder was resuspended in diethyl ether (10ml), triturated for a few 
minutes and the product was collected via filtration. 
5.2.3 [Ru(CH=CHPhenanthrenyl-9)Cl(CO)(PPh3)2] (3) 
The reaction of [RuH(Cl)(CO)(PPh3)3] (0.500 g, 0.524 mmol, 1.0 eq) with 9-
ethynylphenanthrene (0.14 g, 0.68 mmol, 1.3 eq) afforded complex 3 as an orange solid 
powder (0.45 g, 97%). IR (νmax/cm
-1
): 1934 (CO), 1555 (C=C); 
1
H NMR (CD2Cl2) H: 8.66 
(d, J = 8.2Hz, 1H, phenanthrenyl), 8.58  8.62 (m, 1H, phenanthrenyl), 8.54 (dt, JHH = 12.8 
Hz, JHP = 2.1 Hz, 1H, Hα), 7.41  7.71 (m, 30H + 6H, PPh3 + phenanthrenyl), 6.89 (s, 1H, 
phenanthrenyl), 6.54 (dt, JHH = 12.8 Hz, JHP = unresolved, 1H, Hβ); 
31
P NMR (CD2Cl2) P: 
30.9 (s, PPh3); MS (ES +ve; abundance): m/z 898 (100) [M]
+
. 
 
5.2.4 [Ru(CH=CHPyrenyl-1)Cl(CO)(PPh3)2] (4)
8
 
The reaction of [RuH(Cl)(CO)(PPh3)3] (0.500 g, 0.524 mmol, 1.0 eq) with 1-ethynylpyrene 
(0.15g, 0.681mmol, 1.3 eq) afforded complex 4. The product was recrystallised twice with 
diethyl ether in order to remove the residual free phosphine and the resulting orange-red 
powder was dried at the pump (0.34g, 70%). IR (νmax/cm
-1
): 1927 (CO), 1559 (C=C); 
1
H 
NMR (CD2Cl2) H: 8.80 (dt, JHH = 13.0 Hz, JHP = 2.2 Hz, 1H, Hα), 8.14 (d, J = 7.6 Hz, 2H, 
pyrenyl), 7.91  8.02 (m, 5H, pyrenyl), 7.80 (d, J = 9.3 Hz, 1H, pyrenyl), 7.69  7.42 (m, 
30H + 1H, PPh3 + pyrenyl), 6.85 (dt, JHH = 13.0 Hz, JHP = 2.1 Hz, 1H, Hβ); 
31
P NMR 
(CD2Cl2) P: 30.9 (s, PPh3). MS (ES +ve; abundance): m/z 922 (100) [M]
+
.  
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5.2.5 [Ru(CH=CHNap-2-OMe-6)Cl(CO)(PPh3)2] (5) 
The reaction of [RuH(Cl)(CO)(PPh3)3] (95.3 mg, 0.100 mmol) with 2-ethynyl-6-
methoxynaphthalene (20.0 mg, 0.110 mmol) afforded the product as a pale red solid powder 
(85.5 mg, 98%). IR (νmax/cm
-1
): 1939 (CO), 1600 (C=C); 
1
H NMR (CD2Cl2) H: 8.44 (dt, JHH 
= 14.3 Hz, JHP = unresolved, 1H, Hα), 7.29  7.81 (m, 30H + 2H, PPh3 + naphthalene), 6.98 
 7.17 (m, 4H, naphthalene), 5.75 (dt, JHH = 14.3 Hz, JHP = 1.9 Hz 1H, Hβ), 3.91 (s, 3H, 
MeO); 
31
P NMR (CD2Cl2) P: 29.5 (s, PPh3); MS (ES +ve; abundance): m/z 878 (100) [M]
+
.  
 
5.3 Synthesis of the compounds in Chapter 3 
BTD Series 
 
 
5.3.1 [Ru(CH=CHPyrenyl-1)Cl(CO)(BTD)(PPh3)2] (6) 
2,1,3-benzothiadiazole (25.0 mg, 0.184 mmol) was added to a dichloromethane (10 mL) 
solution of [RuHCl(CO)(PPh3)3] (102 mg, 0.107 mmol) and the resulting orange solution was 
stirred at room temperature for few minutes. 1-ethynylpyrene (37.0 mg, 0.164 mmol) was 
then added and the reaction mixture was stirred at room temperature for 1 hour, after which 
methanol (25 mL) was added and the dichloromethane slowly removed under reduced 
pressure (rotary evaporator). The resulting red-orange crystals were isolated by filtration, 
washed with ethanol (2 x 10 mL) and dried in vacuo. Yield: 106 mg (94%). IR (max/cm
-1
): 
1928 (CO), 1432, 1232, 1088, 846, 740, 692. 
1
H NMR δH (CDCl3) 7.01 (dt, 1H, JHH = 15.0 
Hz, JHP unresolved, H), 7.64 – 7.18 (m, 30H, PPh3), 7.93 (m, 2H, BTD), 7.70 – 7.95 (m, 9H, 
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pyrenyl), 8.05 (m, 2H, BTD), 9.06 (dt, 1H, JHH = 15.0 Hz, JHP unresolved, Hα); 
31
P NMR 
(CDCl3) δP 29.4 (s, PPh3). MS (ES +ve, abundance) m/z 1053 (5) [M]
+
. Elemental analysis: 
Found: C, 69.4; H, 4.5; N, 2.6. C61H45ClN2OP2RuS requires C, 69.6; H, 4.3; N, 2.7%. 
 
5.3.2 [Ru(CH=CHPyrenyl-1)Cl(CO)2(PPh3)2] (6·CO) 
Compound 2 was prepared by treating a dichloromethane solution (10 mL) of 1 (7 mg, 0.007 
mmol) with a stream of carbon monoxide for 1 minute. Ethanol (5 mL) was added, forming a 
yellow precipitate which was filtered, washed with ethanol (10 mL), and dried in vacuo. 
Yield: 6.4 mg (97%). IR (max/cm
-1
): 2031 (CO), 1874 (CO) 1481, 1433, 1346, 1160, 1091, 
847, 740, 691. 
1
H NMR (CDCl3) δH: 7.13 (dt, 1H, JHH = 15.0 Hz, JHP unresolved, H), 7.76 – 
7.30 (m, 30H, PPh3), 8.10 – 7.83 (m, 9H, pyrenyl), 8.53 (dt, 1H, JHH = 15.0 Hz, JHP 
unresolved, Hα); 31P NMR (CDCl3) δP 23.7 (s, PPh3). MS (ES +ve, abundance) m/z 945 (10) 
[M]
+
. Elemental Analysis: Found: C, 70.8; H, 4.4; C56H41ClO2P2Ru requires C, 71.2; H, 4.4% 
 
5.3.3 [Os(CH=CHPyrenyl-1)Cl(CO)(BTD)(PPh3)2] (7) 
A dichloromethane solution (10 mL) of [OsHCl(CO)(BTD)(PPh3)2] (70 mg, 0.076 mmol) 
was treated with 1-ethynylpyrene (19 mg, 0.084 mmol). The resulting dark red solution was 
stirred for 3 hours at room temperature and then filtered through Celite. Addition of methanol 
(15 mL) followed by slow reduction of the solvent volume, resulted in a dark red solid, which 
was washed with cold methanol (10 mL), petroleum ether (10 mL) and dried. Yield: 60 mg 
(69%). IR (max/cm
-1
): 1919 (CO), 1434, 1183, 1117, 745, 719, 691. 
1
H NMR (CD2Cl2) δH: 
7.08  7.21 (m, 18H, PPh3), 7.46 (m, 12H, PPh3), 7.80 – 7.99 (m, 9H + 1H, pyrenyl + Hβ), 
8.15 (d, 2H, JHH = 7.6 Hz, BTD), 8.15 (m, 2H, BTD), 9.70 (dt, 1H, JHH = 16.8 Hz, JHP 
unresolved, Hα); 31P NMR (CD2Cl2) δP –1.2 (s, PPh3). MS (ES +ve, abundance) m/z 1188 
(60) [M + 2Na]
+
. Elemental Analysis: Found: C, 60.3; H, 3.5; N, 2.5. 
C61H45ClN2OOsP2S·CH2Cl2 requires C, 60.7; H, 3.9; N, 2.3%. 
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5.3.4 [Os(CH=CHPyrenyl-1)Cl(CO)2(PPh3)2] (7·CO) 
Compound 2 CO was prepared by treating a dichloromethane solution (3 mL) of 2 (25 mg, 
0.022 mmol) with a stream of carbon monoxide for 1 minute. Methanol (5 mL) was added 
and the resulting mustard yellow precipitate was isolated by filtration. The compound was 
washed with methanol (10 mL) and dried. Yield: 19 mg (84%). IR (max/cm
-1
): 2017 (CO), 
1954 (CO), 1434, 1092, 847, 740, 692. 
1
H NMR (CD2Cl2) δH: 7.25 (dt, 1H, JHH = 18.1 Hz, 
JHP = 2.3 Hz, Hβ), 7.33 – 7.43 (m, 18H, pyrenyl), 7.58 (1H, d, JHH = 8.1 Hz, pyrenyl), 7.68 – 
7.73 (12H, m, PPh3), 7.87 (2H, s, pyrenyl), 7.92 – 8.00 (4H, m, pyrenyl), 8.06 (1H, dt, 1H, 
JHH = 18.1 Hz, JHP = 3.0 Hz, Hα), 8.07 – 8.12 (2H, m, pyrenyl); 
31
P NMR (CD2Cl2) δP –7.3 
(s, PPh3). MS (ES +ve, abundance) m/z 1034 (100) [M]
+
. Found: C, 65.0; H, 4.2. 
C56H41ClO2OsP2 requires C, 65.1; H, 4.0 %. 
 
5.3.5 [Ru(CH=CHTolyl-4)Cl(CO)(BTD)(PPh3)2] (8)
3
 
4-ethynyltoluene (26 l, 0.236 mmol) was added to a dichloromethane solution (10 mL) of 
[RuHCl(CO)(PPh3)3] (150 mg, 0.158 mmol) to give a dark red solution. BTD (32 mg, 0.235 
mmol) was then added and the solution was stirred for 1 hour at room temperature. Ethanol 
(20 mL) was added and the dichloromethane was slowly removed under vacuum to yield a 
bright orange crystalline product. This was filtered and washed with cold ethanol (2 x 10 mL) 
and petroleum ether (20 mL) and dried under vacuum. Yield: 131 mg (88 %). IR (max/cm
-1
): 
1914 (CO), 1482, 1434, 1091, 979, 837, 741, 693. 
1
H NMR (CD2Cl2) δH: 8.63 (dt, 1H, JHH = 
16.0 Hz, JHP = 3.2 Hz, H), 7.91 (s, 2H, BTD), 7.72 – 7.67 (m, 2H, BTD), 7.50 – 7.44 (m, 
12H, PPh3), 7.23 (t, 6H, JHH = 7.0 Hz, PPh3), 7.12 (t, 12H, JHH = 7.0 Hz, PPh3), 6.77, 6.79 (2 
x 2H, AB, JAB = 7.9 Hz, C6H4Me), 5.75 (dt, 1H, JHH = 16.0 Hz, JHP = unresolved, Hβ), 2.29 
(s, 3H, CH3); 
31
P NMR (CD2Cl2) δP 26.7 (s, PPh3). MS (ES +ve, abundance): m/z 943 (40) 
[M]
+
. Elemental Analysis: Found: C, 62.1; H, 4.7; N, 2.9. C52H43ClN2OP2RuS·CH2Cl2 
requires C, 62.0; H, 4.4; N, 2.7%. 
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5.3.6 [Ru(CH=CHC6H4Me-4)Cl(CO)2(PPh3)2] (8·CO)
3 
Compound 3 CO was prepared by treating a dichloromethane solution (3 mL) of 3 (30 mg, 
0.032 mmol) with a stream of carbon monoxide for 1 minute. Methanol (5 mL) was added 
and the resulting precipitate was isolated by filtration. The pale pink compound was washed 
with methanol (10 mL) and dried. Yield: 25 mg (94 %). IR (max/cm
-1
): 2030 (CO), 1968 
(CO), 1481, 1434, 1091, 990, 741, 733, 690. 
1
H NMR (CD2Cl2) δH: 7.74  7.69 (12H, m, Ph), 
7.52 (dt, 1H, JHH = 18.0 Hz, JHP = 3.5 Hz, H), 7.47 – 7.37 (18H, m, PPh3), 7.01, 6.80, (2 x 
2H, AB, JAB = 7.9 Hz, C6H4Me), 5.85 (1H, dt, JHH = 18.0 Hz, JHP unresolved, H), 2.31 (s, 
3H, CH3); 
31
P NMR (CD2Cl2) δP 23.8 (s, PPh3). MS (ES +ve, abundance): m/z 853 (9) [M + 
H2O]
 +
. Elemental analysis: Found: C, 63.7; H, 4.6. C47H39ClO2P2Ru·0.75CH2Cl2 requires C, 
63.9; H, 4.5%. 
 
5.3.7 [Ru(CH=CHC6H5)Cl(CO)(BTD)(PPh3)2] (9) 
Phenylacetylene (25 l, 0.236 mmol) was added to a dichloromethane solution (10 mL) of 
[RuHCl(CO)(PPh3)3] (150 mg, 0.158 mmol) to give a dark red solution. BTD (32 mg, 0.235 
mmol) was then added and the solution was left to stir for 1 hour at room temperature. 
Ethanol (20 mL) was added and dichloromethane was slowly removed under vacuum to yield 
a bright red crystalline product, which was filtered and washed with cold ethanol (2 x 10 mL) 
and petroleum ether (20 mL). Yield: 125 mg (85 %). IR (max/cm
-1
): 1917 (CO), 1481, 1433, 
1090, 738, 689. 
1
H NMR (CD2Cl2) δH: 8.70 (dt, 1H, JHH = 16.0 Hz, JHP = 3.0 Hz, H), 7.95 
(m, 2H, BTD), 7.54 (m, 2H, BTD), 7.51 – 7.46 (m, 12H, PPh3), 7.30 (m, 6H, PPh3), 7.14 –
7.20 (m, 12H + 2H, PPh3 +C6H5), 6.98 (t, 1H, JHH = 7.3 Hz, C6H5), 6.91 (d, 2H, JHH = 7.3 Hz, 
C6H5), 5.82 (d, 1H, JHH = 16.0 Hz, Hβ); 
31
P NMR (CD2Cl2) δP: 27.0 (s, PPh3). MS (ES +ve, 
abundance) m/z 839 (34) [M – BTD + 2Na]+. Elemental analysis. Found: C, 65.9; H, 4.5. 
C51H41ClN2OP2RuS requires C, 66.0; H, 4.5%. 
 
5.3.8 [Ru(CH=CHNap-2)Cl(CO)(BTD)(PPh3)2] (10) 
[RuHCl(CO)(PPh3)3]
 
(117 mg, 0.123 mmol) and 2-ethynylnaphthalene (21 mg, 0.138 mmol) 
were dissolved in dichloromethane (15 mL) and a dichloromethane solution (5 mL) of 2,1,3-
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benzothiadiazole (25 mg, 0.184 mmol) was added. The resulting orange solution was stirred 
for 1 hour at room temperature. Addition of methanol (20 mL) followed by slow reduction of 
the solvent volume, resulted in a bright orange crystalline solid, which was washed with cold 
methanol (10 mL) and petroleum ether (10 mL) and dried. Yield: 87 mg (72%). IR (max/cm
-
1
): 1925 (CO), 1550, 1483, 1433 (C-N), 1090, 979, 923 cm
-1
; 
1
H NMR (CD2Cl2) δH: 8.89 (dt, 
1H, JHH = 16.3, JHP = 3.1 Hz, Hα), 7.96 (m, 2H, BTD), 7.73 (d, 1H, JHH = 8.6 Hz, Nap), 7.70 
(d, 1H, JHH = 8.6 Hz, Nap), 7.64 (d, 1H, JHH = 8.6 Hz, Nap), 7.13 – 7.56 (m, 30H + 4H, PPh3 
+ Nap), 6.00 (d, 1H, JHH = 16.3 Hz, H); 
31
P NMR (CD2Cl2) δP: 26.9 (s, PPh3) ppm. MS (ES 
+ve, abundance) m/z 889 (80) [M – BTD + 2Na]+; Elemental analysis. Found: C 67.4, H 4.5, 
N 3.0. C55H43ClN2OP2RuS requires C 67.5, H 4.4, N 2.9 %. 
 
5.3.9 [Ru(CH=CHNap-2)Cl(CO)2(PPh3)2] (10·CO) 
Carbon monoxide was bubbled through a dichloromethane solution (10 mL) of 6 (30 mg, 
0.031 mmol) until the solution became colourless. Addition of methanol (7 mL) followed by 
slow reduction of the solvent volume, resulted in the precipitation of a colourless solid, which 
was washed with cold methanol (10 mL) and petroleum ether (10 mL) and dried. Yield: 25 
mg (93%). IR (max/cm
-1
): 2026 (CO), 1963 (CO), 1481 (C-N), 1433, 1187, 1091, 998, 859. 
1
H NMR (CD2Cl2) δH: 7.79 (1H, dt, JHH = 18.0 Hz, JHP = 3.5 Hz, Hα), 7.77  7.70 (m, 12H + 
2H, PPh3 + Nap), 7.66 (d, 1H, JHH = 8.2 Hz, Nap), 7.45 – 7.37 (m, 18H + 2H, PPh3 + Nap), 
7.19 (m, 1H, Nap),6.09 (d, 1H, JHH = 18.0 Hz, JHP unresolved, H); 
31
P NMR (CD2Cl2) δP: 
24.1 (s, PPh3) ppm. MS (ES +ve, abundance): m/z 871 (100) [M]
+
; Elemental analysis. 
Found: C 65.1, H 4.0. C50H39ClO2P2Ru·0.75CH2Cl2 requires C 65.3, H 4.4%. ;  
 
5.3.10 [Ru(CH=CHNap-2-OMe-6)Cl(CO)(BTD)(PPh3)2] (11) 
[RuHCl(CO)(PPh3)3]
 
(100 mg, 0.105 mmol) and 2-ethynyl-6-methoxynaphthalene (21 mg, 
0.115 mmol) were dissolved in dichloromethane (10 mL) and a dichloromethane solution (5 
mL) of 2,1,3-benzothiadiazole (21 mg, 0.154 mmol) was added. The resulting purple solution 
was stirred for 1 hour at room temperature and then filtered through Celite. Addition of 
ethanol (15 mL) followed by slow reduction of the solvent volume, resulted in the formation 
of a purple crystalline solid, which was washed with cold ethanol (5 mL) and diethyl ether (5 
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mL) and dried. Yield: 91 mg (86%). IR (max/cm
-1
): 1929 (CO), 1600, 1549, 1432 (C-N), 
1197, 1090, 1031, 855. 
1
H NMR (CD2Cl2) δH: 8.75 (dt, 1H, JHH = 15.8 Hz, JHP = 3.1 Hz, Hα), 
7.96 (m, 2H, BTD), 7.60 (d, 1H, JHH = 9.8 Hz, Nap), 7.56 (m, 2H, BTD), 7.51, 7.31, 7.20, (m 
x 3, 30H + 3H, PPh3 + Nap), 7.08 (s, 2H, Nap), 5.95 (d, 1H, JHH = 15.8 Hz, H), 3.92 (s, 3H, 
OMe); 
31
P NMR (CD2Cl2) δP 27.0 (s, PPh3). MS (ES +ve, abundance): m/z 873 (100) (M
+
 - 
BTD); Elemental analysis. Found: C 61.5, H 4.6, N 2.7. C56H45ClN2O2P2RuS·1.25CH2Cl2 
requires C 61.7, H 4.3, N 2.5 %. 
 
5.3.11 [Ru(CH=CHNap-2-OMe-6)Cl(CO)2(PPh3)2] (11·CO) 
Carbon monoxide was bubbled through a dichloromethane solution (10 mL) of 7 (45 mg, 
0.045 mmol) until the initial purple solution becomes pale yellow. Addition of ethanol (20 
mL) followed by slow reduction of the solvent volume, resulted in the precipitation of a 
yellow solid, which was washed with cold ethanol (10 mL) and diethyl ether (10 mL) and 
dried. Yield: 38 mg (94%). IR (max/cm
-1
): 2025 (CO), 1965 (CO), 1596, 1480, 1433, 1263, 
1236, 1160, 1091, 1031, 998. 
1
H NMR (CD2Cl2) δH: 7.72 –7.76 (m, 12H, PPh3), 7.68 (dt, 1H, 
JHH = 18.0 Hz, JHP = 3.6 Hz, Hα), 7.63 (d, 1H, JHH = 8.5 Hz, Nap), 7.57 (d, 1H, JHH = 8.5 Hz, 
Nap), 7.37 – 7.47 (m, 18H + 1H, PPh3 + Nap), 7.08 – 7.18 (m, 4H, Nap), 6.05 (d, 1H, JHH = 
18.0 Hz, H), 3.93 (s, 3H, OMe); 31P NMR (CD2Cl2) δP: 24.0 (s, PPh3). MS (ES +ve): m/z 
921 (8) [M + Na]
 +
. Elemental analysis. Found: C 67.9, H 4.7. C51H41ClO3P2Ru requires C 
68.0, H 4.6 %. 
 
5.3.12 [Ru(CH=CHPhen-9)Cl(CO)(BTD)(PPh3)2] (12)  
[RuHCl(CO)(PPh3)3]
 
(500 mg, 0.525 mmol) and 9-ethynylphenanthrene (120 mg, 0.593 
mmol) were dissolved in dichloromethane (15 mL) and treated with a dichloromethane 
solution (5 mL) of 2,1,3-benzothiadiazole (143 mg, 1.050 mmol). The resulting red solution 
was stirred for 1 hour at room temperature. Addition of ethanol (20 mL) followed by slow 
reduction of the solvent volume resulted in a dark orange crystalline solid, which was washed 
with cold ethanol (10 mL) and diethyl ether (10 mL) and dried. Yield: 455 mg (84%). IR 
(max/cm
-1
): 1911 (CO), 1545, 1481, 1431 (C-N), 1092, 833, 740.
 1
H NMR (CD2Cl2) δH: 8.91 
(dt, 1H, JHH = 15.4 Hz, JHP = 2.9 Hz, Hα), 8.67 (d, 1H, JHH = 8.1 Hz, Phen), 8.59 – 8.62 (m, 
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1H, Phen), 7.98 (s, 2H, BTD), 7.53 –7.58 (m, 12H + 5H + 2H, PPh3 + Phen + BTD), 7.44 (m, 
1H, Phen), 7.33 (m, 6H, PPh3), 7.21 (m, 12H, PPh3), 7.12 (s, 1H, Phen), 6.71 (d, 1H, JHH = 
15.4 Hz, H); 31P NMR (CD2Cl2) δP: 27.0 (s, PPh3) ppm. MS (ES +ve): m/z 939 (42) [M – 
BTD + 2Na]
 +
. Elemental analysis. Found: C 68.8, H 4.3, N 2.7. C59H45ClN2OP2RuS requires 
C 68.9, H 4.4, N 2.7%. 
 
5.3.13 [Ru(CH=CHPhen-9)Cl(CO)2(PPh3)2] (12·CO) 
Carbon monoxide was bubbled through a dichloromethane solution (10 mL) of 8 (100 mg, 
0.097 mmol) until the dark orange solution became yellow. Addition of methanol (7 mL) 
followed by slow reduction of the solvent volume resulted in the precipitation of a colourless 
solid, which was washed with cold methanol (10 mL) and diethyl ether (10 mL) and dried. 
Yield: 87 mg (98%). IR (max/cm
-1
): 2038 (CO), 1972 (CO), 1547, 1483, 1435 (C-N), 1190, 
1170, 1090, 1000, 801. 
1
H NMR (CD2Cl2) δH: 8.71 (d, 1H, JHH = 8.1 Hz, Phen), 8.63 – 8.65 
(m, 1H, Phen), 7.96 (dt, 1H, JHH = 17.5 Hz, JHP = 3.6 Hz, H), 7.80 – 7.84 (m, 12H, PPh3), 
7.57 – 7.73 (m, 5H, Phen), 7.38 – 7.50 (m, 18H + 1H, PPh3 + Phen), 7.01 (s, 1H, Phen), 6.84 
(dt, 1H, 1H, JHH = 17.5 Hz, JHP = 2.1 Hz, H); 
31
P NMR (CD2Cl2) δP: 23.1 (s, PPh3). MS (ES 
+ve): m/z 942 (M
+
 + Na, 6%), 926 (100) [M – Cl + Na]+. Elemental analysis. Found: C 66.2, 
H 4.6. C54H41ClO2P2Ru·CH2Cl2 requires C 65.7, H 4.3% 
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5.3.14 Synthesis of 5-(3-thiophenyl)-2,1,3-benzothiadiazole (TBTD) 
 
This reaction is performed under nitrogen. 5-Bromo-2,1,3-Benzothiadiazole (0.30 g, 1.395 
mmol, 1 eq) and the [Pd(PPh3)4] (0.24 g, 0.209 mmol, 0.2 eq) were first dissolved in 1,4-
dioxane (25 ml) and the resulting yellow solution was stirred at room temperature for 15 min. 
Initially, the yellow solution turned red and then orange after few minutes. An aqueous 
solution of Na2CO3 (10 ml, 2.0 molL
-1
) was then added, and the resulting orange suspension 
was heated to reflux. After the addition of 3-thienylboronic acid (0.210 g, 1.68 mmol, 1.2) as 
a 1,4-dioxane (10 mL) solution, the mixture was left to stir at reflux for 24 h. The brown 
solution formed was let cool down and then washed with deionised water (3 x 30 ml), dried 
over Na2SO4 and filtered. The pale brown solution was dried in vacuo. Silica column 
chromatography (98% pet. ether, 2% ethyl acetate) was then performed to purify the oily 
brown crude product to afford a bright yellow solid (0.14 g, 45%). IR (νmax/cm
-1
): 3096, 
2919, 1608, 1516, 1387, 1259, 1019, 821, 776, 670. 
1
H NMR (CDCl3) H: 7.50 (dd, J = 5.1, 
2.9 Hz, 1H), 7.55 (dd, J = 5.1, 1.4 Hz, 1H), 7.68 (dd, J = 2.9, 1.4 Hz, 1H), 7.93 (dd, J= 9.1, 
1.7 Hz, 1H), 8.05 (dd, J = 9.1, 0.8 Hz, 1H), 8.20 (dd, J = 1.7, 0.8 Hz, 1H). 
13
C NMR (CDCl3) 
C: 117.3, 121.6, 122.4, 126.3, 127.1, 129.7, 136.9, 140.7, 154.1, 155.5. MS (ES +ve): m/z 
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218 (100) [M]
+
. Calculated for C10H6N2S2: C 55.0, H 2.8, N 12.8%. Found: C 55.2, H 2.7, N 
12.7%. 
 
5.3.15 [Ru(CH=CHPh)Cl(CO)(TBTD)(PPh3)2] (14) 
A dichloromethane solution (10 ml) of the 5-coordinate Ru(II) complex, 
[Ru(CH=CHPh)Cl(CO)(PPh3)2] (1) (50.0 mg, 0.0630 mmol), was treated with a slight excess 
of TBTD (15.1 mg, 0.0693 mmol), and the reaction mixture was stirred at room temperature 
for 30 min. The solvent was dried in vacuo and the resulting red product was triturated with 
petroleum ether (10 ml) for 10 min and then filtered. The resulting bright red solid was 
washed with more petroleum ether (3 mL) and then dried (44.2 mg, 72%). IR (νmax/cm
-1
): 
1908 (CO), 1579 (C=C). 
1
H NMR (CD2Cl2) H: 8.73 (dt, JHH = 16.1 Hz, JHP = 3.0 Hz, 1H, 
Hα), 8.27 (s, 1H, TBTD), 7.88 (s, 2H, TBTD), 7.75 (t, J = 2.2 Hz, 1H, TBTD), 7.60  7.57 
(m, 2H), 7.52  7.47 (m, 12H, PPh3), 7.29 (t, J = 7.4 Hz, 6H), 7.19  7.15 (m, 10H + 2H, 
PPh3 + C6H5), 7.01  6.97 (m, 1H, C6H5), 6.93 (d, J = 7.3 Hz, 2H, C6H5), 5.89 (dt, JHH = 16.1 
Hz, JHP  unresolved, 1H, Hβ); 
31
P NMR (CD2Cl2) P: 26.3 (s, PPh3). MS (ES +ve): m/z 798 
(100) [M- TBTD]
+
. Calculated for C55H43ClN2OP2RuS2: C 65.4, H 4.3, N 2.8%. Found: C 
65.3, H 4.2, N 2.9%. 
 
5.3.16 [Ru(CH=CHTolyl-4)Cl(CO)(TBTD)(PPh3)2] (15) 
A dichloromethane solution (10 ml) of the 5-coordinate Ru(II) complex, [Ru(CH=CHTolyl-
4)Cl(CO)(PPh3)2] (2) (75.0 mg, 0.0929 mmol), was treated with a slight excess of TBTD 
(22.3 mg, 0.102 mmol), and the reaction mixture was stirred at room temperature for 30 min. 
All solvent was subsequently removed in vacuo, petroleum ether (10 ml) was added and the 
crude product was triturated for 10 min. The filtration of the orange suspension yielded an 
orange solid (80.4 mg, 85%). IR (νmax/cm
-1
): 1909 (CO), 1572 (C=C). 
1
H NMR (CD2Cl2) H: 
8.61 (dt, JHH = 16.2 Hz, JHP = 3.1 Hz, 1H, Hα), 8.27 (s, 1H,TBTD), 7.87 (s, 2H, TBTD), 7.75 
(t, J= 2.2 Hz, 1H, TBTD), 7.60  7.56 (m, 2H, TBTD), 7.52  7.47 (m, 12H, PPh3), 7.30  
7.14 (m, 12H, PPh3), 2.29 (s, 3H, tolyl-CH3), 6.99, 6.84 (2 x 2H, AB, JAB = 7.7 Hz, 
2H,C6H4Me), 7.12  7.32 (m, 18H, PPh3), 7.45  7.54 (m, 12H, PPh3),. 
13
C NMR (CD2Cl2) 
c: 15.5, 21.0, 66.0, 117.0, 122.0, 122.9, 124.4, 126.4, 127.7, 127.8, 127.8, 129.0, 129.2, 
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129.9, 132.3, 132.4, 132.6, 133.9, 134.3, 134.4, 134.41, 136.8, 138.3, 138.6, 140.7, 150.4, 
154.1, 155.1, 204.5. 
31
P NMR (CD2Cl2) P: 26.1 (s, PPh3). MS (ES +ve): m/z 812 (100) [M - 
TBTD]
+
. Calculated for C56H45ClN2OP2RuS2: C 65.6, H 4.4, N 2.7%. Found: C 65.5, H 4.3, 
N 2.8%. 
 
5.3.17 [Ru(CH=CHPhenanthrenyl-9)Cl(CO)(TBTD)(PPh3)2] (16) 
A dichloromethane solution (10 ml) of the 5-coordinate Ru(II) complex, 
[Ru(CH=CHPhenanthrenyl-9)Cl(CO)(PPh3)2] (3) (50.0 mg, 0.0560 mmol), was treated with a 
slight excess of TBTD (13.4 mg, 0.0616 mmol), and the reaction mixture was stirred at room 
temperature for 30 min. The solvent was dried in vacuo and diethyl ether (10 ml) was added 
to the crude product. The resulting red solid was triturated for 10 minutes and then filtered 
and dried (21.5 mg, 35%). IR (νmax/cm
-1
): 1912 (CO), 1544 (C=C). 
1
H NMR (CD2Cl2) H: 
8.93 (dt, JHH = 15.5 Hz, JHP = 3.1 Hz, 1H, Hα), 8.70  8.65 (m, 1H, phenanthrenyl), 8.63  
8.58 (m, 1H, phenanthrenyl), 8.30 (s, 1H, TBTD), 7.95- 7.86 (m, 2H, TBTD), 7.76 (dd, J= 
2.8, 1.5 Hz, 1H, TBTD), 7.43  7.67 (m, 12H + 6H +2H, PPh3 + phenanthrenyl + TBTD), 
7.16  7.37 (m, 18H, PPh3), 7.15 (s, 1H, phenanthrenyl), 6.85 (dt, JHH = 15.5 Hz, JHP = 
unresolved, 1H, Hβ). 31P NMR (CD2Cl2) P: 26.6 (s, PPh3). MS (ES +ve): m/z 898 (100) [M - 
TBTD + 7H]
+
. Calculated for C63H47ClN2OP2RuS2∙0.25CH2Cl2: C 67.1, H 4.2, N 2.5%. 
Found: C 67.2, H 4.1, N 2.7%. 
 
5.3.18 [Ru(CH=CHPyrenyl-1)Cl(CO)(TBTD)(PPh3)2] (17) 
A dichloromethane solution (10 ml) of the 5-coordinate Ru(II) complex, 
[Ru(CH=CHPyrenyl-1)Cl(CO)(PPh3)2] (4) (75.0 mg, 0.0818 mmol), was treated with a slight 
excess of TBTD (19.6 mg, 0.0899 mmol) and the reaction mixture was stirred at room 
temperature for 30 min. The solvent was dried in vacuo and diethyl ether (10 ml) was added 
to the crude product. The resulting orange solid was triturated for 10 minutes and then filtered 
and dried (75.8 mg, 82%). IR (νmax/cm
-1
): 1920 (CO), 1555 (C=C). 
1
H NMR (CD2Cl2) H: 
9.22 (dt, JHH = 16.0 Hz, JHP = 3.1 Hz, 1H, Hα), 8.33 (s, 1H, TBTD), 8.16  8.10 (m, 2H, 
TBTD), 8.02  7.77 (m, 7H + 3H, pyrenyl + TBTD), 7.65  7.53 (m, 12H + 2H, PPh3 + 
pyrenyl), 7.34  7.13 (m, 18H + 1H, PPh3 + Hβ). 
31
P NMR (CD2Cl2) P: 26.2 (s, PPh3). MS 
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(ES +ve; abundance): m/z 922 (100) [M  TBTD]+. Calculated for C65H47ClN2OP2RuS2: C 
68.8, H 4.2, N 2.5%. Found: C 68.7, H 4.1, N 2.6%. 
 
5.3.19 [Ru(CH=CHNap-2-OMe-6)Cl(CO)(TBTD)(PPh3)2] (18) 
A dichloromethane solution (10 ml) of the 5-coordinate Ru(II) complex, [Ru(CH=CH-6-
methoxynaphthalene-2)Cl(CO)(PPh3)2] (5) (50.0 mg, 0.0573 mmol), was treated with a slight 
excess of TBTD (13.7 mg, 0.0630 mmol), and the reaction mixture was stirred at rt for 30 
min. The solvent was dried in vacuo and diethyl ether (10 ml) was added to the crude 
product. The resulting red solid was triturated for 10 minutes and then filtered and dried (44.7 
mg, 72%). IR (νmax/cm
-1
): 1925 (CO), 1552 (C=C). 
1
H NMR (CD2Cl2) H: 8.78 (dt, JHH = 
16.1 Hz, JHP = 3.2 Hz, 1H, Hα), 8.28 (s, 1H, TBTD), 7.83  7.94 (m, 2H, TBTD), 7.72  7.78 
(m, 1H, TBTD), 7.48  7.62 (m, 12H + 2H + 2H, PPh3 + naphthalene + TBTD), 7.06  7.32 
(m,  18H + 4H, PPh3 + naphthalene), 6.01 (dt, JHH = 16.1 Hz, JHP unresolved, 1H, Hβ), 3.92 
(s, 3H, methoxy). 
31
P NMR (CD2Cl2) P: 26.3 (s, PPh3). MS (ES +ve; abundance): m/z 878 
(100) [M  TBTD]+. Calculated for C60H47ClN2O2P2RuS2: C 66.1, H 4.3, N 2.6%. Found: C 
66.0, H 4.2, N 2.7%. 
 
5.4 Synthesis of the compounds in Chapter 4 
 
5.4.1 [Ru(CH=CHTol-4)Cl(CO)(TBTD)(TPPMS)2] (20) 
This reaction was carried out under nitrogen with freeze-thaw degassed solvents. Complex 2 
(200 mg, 0.248 mmol, 1 eq) was dissolved in toluene (25 mL) whereas TPPMS (361 mg, 
0.992 mmol, 4 eq) was dissolved in ultra-pure water ( 20 mL). The two solutions are prepared 
in two separate flasks fitted with plastic septums. Once both of the compounds are 
completely dissolved, TPPMS is slowly added via cannula, upon which the colour changes 
from red to yellow. The biphasic mixture was then let to stir for 4 hours under vigorous 
stirring, after which it was set to separate. The organic phase was separated from the aqueous 
phase and was discarded, whereas the aqueous mixture was dried in vacuo to afford a pale 
orange solid. The resulting compound was then dissolved in methanol (5 mL) and was added 
to a dichloromethane solution (5 mL) of TBTD (54 mg, 2 eq) and the mixture was then let to 
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stir for 30 minutes. Successively, the solvent was evaporated in vacuo and size exclusion 
chromatography (Sephadex G10) was performed after dissolving the resulting bright red solid 
in the minimum amount of water (1 − 2 mL). Finally, the solvent was evaporated and the red 
solid was filtered, washed with diethyl ether (5 mL) and: dried (25 mg, 9 %). IR (νmax/cm
-1
): 
1935 (CO), 1184, 1144, 1033, 786. 
1
H NMR (CD3OD) δH: 8.14 – 8.10 (m, 1H, TBTD), 8.00 
– 7.88 (m, 3H, TBTD + Hα), 7.89 − 7.83 (m, 2H, TPPMS), 7.72 − 7.65 (m, 3H, TPPMS), 
7.40 − 7.26 (m, 22H, TPPMS), 6.81, 6.46 (2 x H, AB, JAB = 7.8 Hz, C6H4), 5.38 (dt, 1H, JHH 
= 15.9 Hz, JHP unresolved, H), 2.21 (s, 3H,CH3); 
31
P NMR (Acetone) P: 31.3 (s, PPh3). MS 
(ES +ve): m/z 1015.1 (5) [M - TBTD + 5H]
+
. 
5.4.2 [Ru(CH=CHPyrenyl-1)Cl(CO)(BTD)(TPPMS)2] (21) 
This reaction was carried out under nitrogen with freeze-thaw degassed solvents. Complex 4 
(250 mg, 0.273 mmol, 1 eq) was dissolved in toluene (25 mL) whereas TPPMS (397 mg, 1.1 
mmol, 4 eq) was dissolved in ultra-pure water (20 mL). The two solutions are prepared in two 
separate flasks fitted with plastic septums. Once both compounds are completely dissolved, 
TPPMS is slowly added via cannula, upon which the colour changes from red to yellow. The 
biphasic mixture was then let to stir for 2 hours under vigorous stirring, after which it was set 
to separate. The organic phase was separated from the aqueous phase and was discarded, 
whereas the aqueous mixture was dried in vacuo to afford a pale yellow solid. The resulting 
compound was then dissolved in methanol (5 mL) and was added to a dichloromethane 
solution (5 mL) of BTD (74 mg, 0.55 mmol, 2 eq) and the mixture was then let to stir for 30 
minutes. Successively, the solvent was evaporated in vacuo and size exclusion 
chromatography (Sephadex G10) was performed after dissolving the resulting bright red solid 
in the minimum amount of water (1 − 2 mL). Finally, the solvent was evaporated and the red 
solid was filtered, washed with diethyl ether (5 mL) and dried (15 mg, 4 %). IR (νmax/cm
-1
): 
1936 (CO), 1638, 1365, 1184, 786. 
1
H NMR (CD3OD) δH: 8.40 (dt, JHH = 12.6 Hz, JHP = 2 
Hz, Hα), 8.12 – 8.02 (m, 2H, BTD), 7.87 – 7.82 (m, 6H, BTD + pyrenyl), 7.72 − 7.66 (m, 7H, 
TPPMS + pyrenyl), 7.61 − 7.57 (m, 5H, TPPMS), 7.45 − 7.41 (m, 4H, TPPMS), 7.34 − 7.28 
(m, 13H, TPPMS + Hβ); 31P NMR (CD3OD) δP: 31.5 (s, PPh3). MS (ES +ve): m/z 1123 (40) 
[M - BTD]
+
. 
 
 
Chapter 5 
171 
 
5.4.3 4-Ethynyl benzyl-O-[2-(2-Methoxyethoxy)ethoxy]ethanoate 
 (HC≡CL1) 
This reaction was performed under a nitrogen atmosphere. 2-[2-(2-
methoxyethoxy)ethoxy]acetic acid (623 μL, 4.06 mmol, 1 eq.) was dissolved in 25 mL of 
anhydrous dichloromethane and the solution was cooled to 0 °C with an ice bath. DCC (838 
mg, 4.06 mmol, 1 eq.) was added as a dichloromethane solution (10 mL). A second 
dichloromethane (25 mL) solution of p-ethynylbenzyl alcohol (0.5 g, 4.06 mmol, 1 eq) and 
DMAP (94 mg, 0.78 mmol, 0.2 eq.) was slowly added dropwise via a cannula, resulting in a 
yellow-cloudy mixture. After the addition, the reaction mixture was stirred for 1 hour at 0 °C 
and then at room temperature overnight. Successively, the mixture was filtered through Celite 
in order to remove the resulting insoluble salts and the bright yellow filtrate was dried under 
vacuum (366 mg, 54%). IR (νmax/cm
-1
): 1752 (CO), 1196, 1104, 847, 821. 
1
H NMR (CDCl3) 
δH: 7.30, 7.33 (2 x H, AB, JAB = 8 Hz, C6H4), 5.19 (s, 2H, CH2O), 4.23 (s, 2H, OCH2), 3.78 – 
3.76 (m, 2H, OCH2), 3.72 – 3.70 (m, 2H, CH2O), 3.67 – 3.65 (m, 2H, OCH2), 3.57 – 3.54 (m, 
2H, OCH2O), 3.39 (s, 3H, OCH3); 
13
C NMR (CDCl3) δC: 170.26 (C=O), 132.3, 128.18 (CH2, 
C6H4), 83.2 (HC≡C–R), 77.8 (HC≡C–R), 71.9 (OCH2), 70.9 (CH2O), 70.7 (OCH2CH2O), 
70.6 (OCH2CH2O), 68.7 (CCH2), 65.9 (C6H4CH2O), 59.0 (OCH3); MS (ES +ve): m/z 293 
(10) [M + H]
+
, 310 (70) [M + H2O]
+
, 315 (100) [M +Na]
+
. HRMS: 315.1208 (calculated), 
312.1200 (found) corresponding to C16H20O5Na. Elemental analysis: calculated for C16H20O5: 
C 65.7, H 6.9. Found: C 65.8, H 6.7. 
 
5.4.4 [Ru(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (22) 
Procedure 1: This reaction was carried out under nitrogen. [RuH(CO)(NCMe)2(PPh3)2]BF4 
(120 mg, 0.146 mmol, 1 eq) was dissolved in 10 mL of anhydrous dichloromethane. 
Consequently, HC≡CL1 (54 μL, 0.17 mmol, 1.1 eq) was added and the pale yellow solution 
was stirred for 10 minutes. Then, [Et4N]Cl (37 mg, 0.22 mmol, 1.5) was added as methanolic 
solution (3 mL) and the mixture was vigorously stirred for 15 minutes at 40 °C. The solvent 
was dried at the vacuum line and anhydrous dichloromethane (5 mL) was then added to 
dissolve the orange solid. In order to remove the resulting insoluble inorganic salts, the bright 
orange solution was filtered with the cannula and a dichloromethane (5 mL) solution of 
TBTD (37 mg, 0.16 mmol, 1.1 eq) was added to afford a dark red solution, which was stirred 
for 15 min at room temperature. The solvent was removed in vacuo and the red solid was 
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recrystallised from a mixture of diethyl ether (3 mL) and petroleum ether (4 mL), filtered and 
dried (148 mg, 85%). 
Procedure 2 (one-pot): [RuH(CO)(NCMe)2(PPh3)2]BF4 (41 mg, 0.049 mmol, 1 eq) was 
dissolved in 10 mL of anhydrous dichloromethane. Consequently, HC≡CL1 (18 μL, 0.06 
mmol, 1.1 eq) was added and the pale yellow solution was stirred for 10 minutes. Then, 
[Et4N]Cl (12 mg, 0.074 mmol, 1.5) was added as dichloromethane solution (10 mL) and the 
mixture was vigorously stirred for 30 minutes at 40 °C. A dichloromethane (5 mL) solution 
of TBTD (12 mg, 0.054 mmol, 1.1 eq) was then added to afford a dark red solution, which 
was stirred for 15 min at room temperature (148 mg, 85%). The resulting solution was 
filtered through Celite to remove insoluble salts. The filtrate was dried in vacuo and the red 
solid was dissolved in cold diethyl ether (2 mL ca.) and the filtration through Celite was 
performed again. To the filtrate, petroleum ether was added in excess and a red precipitate 
was filtrated and washed with abundant petroleum ether (26.5 mg, 45%). 
IR (max/cm
-1
): 1946 (CO), 1750 (C=O), 1463, 1482, 1434, 1086, 849, 790. 
1
H NMR 
(acetone-d6) δH: 8.88 (dt, 1H, JHH = 16.6 Hz, JHP = 3.3 Hz, Hα), 8.42 – 8.34 (m, 1H, TBTD), 
8.11 – 8.05 (m, 2H, TBTD), 7.96 − 7.88 (m, 1H, TBTD), 7.76 − 7.67 (m, 2H, TBTD), 7.53 − 
7.51 (m, 12H, PPh3 ), 7.30 − 7.26 (m, 6H, PPh3), 7.30 − 7.26 (m, 11H + 2H, PPh3 + CHC6H4), 
6.89 (H, AB, JAB = 7.8 Hz, C6H4), 5.94 (dt, 1H, JHH = 16.0 Hz, JHP unresolved, H), 5.06 (s, 
2H, CH2O), 4.16 (s, 2H, CH2O), 3.69 – 3.66 (m, 2H, OCH2O), 3.63 – 3.55 (m, 4H, OCH2O), 
3.47 – 3.45 (m, 2H, OCH2O), 3.13 (s, 3H, OCH3); 
31
P NMR (Acetone) δP: 25.4 (s, PPh3). MS 
(ES +ve): m/z 988 (100) [M – TBTD]+, 1029 (60) [M – TBTD + MeCN]+. Elemental 
analysis: calculated for C63H57ClN2O6P2RuS2: C 63.02, 4.78, 2.33. Found: C 62.85, H 4.71, 
2.39. 
 
5.4.5 [Os(CH=CHL1)Cl(CO)(TBTD)(PPh3)2] (23) 
This reaction was carried out under nitrogen. [OsH(CO)(NCMe)2(PPh3)2]ClO4 (50 mg, 0.054 
mmol, 1 eq) was dissolved in 10 mL of anhydrous dichloromethane. Consequently, HC≡CL1 
(18 μL, 0.059 mmol, 1.1 eq) was added and the pale yellow solution was stirred for 10 
minutes. Then, [Et4N]Cl (13 mg, 0.081 mmol, 1.5) was added as methanolic solution (3 mL) 
and the mixture was vigorously stirred for 15 minutes at 40 °C. The solvent was dried at the 
vacuum line and anhydrous dichloromethane (5 mL) was then added to dissolve the orange 
solid. In order to remove the resulting insoluble inorganic salts, the bright orange solution 
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was filtered with the cannula and a dichloromethane (5 mL) solution of TBTD (13.5 mg, 
0.054 mmol, 1.1 eq) was added to afford a dark red solution, which was stirred for 15 min at 
room temperature. The solvent was removed in vacuo and the red solid was recrystallised in a 
mixture of diethyl ether (3 mL) and petroleum ether (4 mL), filtered and dried (52 mg, 74%).  
IR (max/cm
-1
): 1901 (CO), 1745 (C=O), 1481, 1433, 1187, 1090, 849, 785. 
1
H NMR δH: 
(acetone-d6) 9.36 (dt, 1H, JHH = 16.8 Hz, JHP unresolved, Hα), 8.52 (s, 1H, TBTD), 8.09 – 
7.85 (m, 5H, TBTD), 7.74 − 7.42 (m, 14H, PPh3 ), 7.31 − 7.09 (m, 15H +2H, PPh3 + 
CHC6H4), 6.94 (H, AB, JAB = 6.8 Hz, C6H4), 6.08 (dt, 1H, JHH = 16.9 Hz, JHP unresolved, H), 
5.08 (s, 2H, CH2O), 4.17 (s, 2H, CH2O), 3.70 – 3.67 (m, 2H, OCH2O), 3.63 – 3.57 (m, 4H, 
OCH2O), 3.48 – 3.46 (m, 2H, OCH2O), 3.29 (s, 3H, OCH3); 
31
P NMR (Acetone-d6) δP: -2.3 
(s, PPh3). MS (ES +ve): m/z 1330 (20) [M + MeCN]
+
. 
 
5.4.6 [Ru(CH=CHL1)Cl(CO)2(PPh3)2] (22 CO) 
Compound 22 CO was prepared by treating an acetone solution (5 mL) of 22 (20 mg, 0.017 
mmol) with carbon monoxide until the dark red solution became pale yellow. After the 
complete removal of the solvent under vacuum, the compound was dissolved in the minimum 
amount of acetone, followed by the addition of a diethyl ether (1 mL) and petroleum ether (4 
mL) which resulted in the precipitation of an off-white solid, which was washed with cold 
petroleum ether (5 mL) and dried. Yield: 15.7 mg (93%). IR (max/cm
-1
): 2029 (CO), 1968 
(CO), 1751 (C=O), 1482, 1434, 1191, 1092, 1027, 998. 
1
H NMR (acetone-d6) δH: 7.80 − 7.73 
(m, 13H, PPh3 + H), 7.44 − 7.17 (m, 18H, PPh3), 7.18, 6.85 (2 x 2H, AB, JAB = 8 Hz, C6H4), 
5.94 (dt, JHH = 15.8 Hz, JHP = 2.0 Hz, H), 5.09 (s, 2H, CH2O), 4.18 (s, 2H, CH2O), 3.70 – 
3.68 (m, 2H, OCH2O), 3.62 – 3.56 (m, 4H, OCH2O), 3.48 – 3.45 (m, 2H, OCH2O), 3.28 (s, 
3H, OCH3); 
31
P NMR (Acetone-d6) δP: 23.0 (s, PPh3). MS (ES +ve): m/z 1016 (M
+
 + 6H, 
100%).  
 
5.4.7 [Os(CH=CHL1)Cl(CO)2(PPh3)2] (23 CO) 
Compound 23 CO was prepared by treating an acetone solution (5 mL) of 23 (15 mg, 0.017 
mmol) with carbon monoxide until the dark red solution became pale yellow. After the 
complete removal of the solvent under vacuum, the compound was dissolved in the minimum 
amount of acetone, followed by the addition of a diethyl ether (1 mL) and petroleum ether (4 
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mL) which resulted in the precipitation of an off-white solid, which was washed with cold 
petroleum ether (5 mL) and dried. Yield: 12 mg (94%). 
IR (max/cm
-1
): 2018 (CO), 1947 (CO), 1750 (C=O), 1482, 1463, 1434. 
1
H NMR (acetone-d6) 
δH: 7.78 – 7.69 (m, 13H, PPh3 + H), 7.49 − 7.39 (m, 18H, PPh3), 7.19, 6.84 (2 x 2H, AB, 
JAB = 8 Hz, C6H4), 6.08 (dt, JHH = 18.4 Hz, JHP = 2.5 Hz, H), 5.10 (s, 2H, CH2O), 4.19 (s, 
2H, CH2O), 3.72 – 3.7 (m, 2H, OCH2O), 3.64 – 3.47 (m, 6H, OCH2O), 3.29 (s, 3H, OCH3);
 
31
P NMR (acetone-d6) δP: -8.1 (s, PPh3). MS (ES +ve): m/z 1104 (25) [M + 5H]
+
, (100) [M + 
H2O]
+
.  
 
General procedure for the synthesis of HC≡CL2 and HC≡CL3 
This reaction was performed under nitrogen atmosphere. (±)-α-lipoic acid (0.8 g, 3.88 mmol, 
1 eq.) and DCC (0.8 g, 3.88 mmol, 1 eq.) were dissolved in 25 mL of anhydrous 
dichloromethane and the solution was cooled to 0 °C with an ice bath. A second 
dichloromethane (25 mL) solution of the suitable terminal alkyne (3.88 mmol, 1 eq) and 
DMAP (94 mg, 0.78 mmol, 0.2 eq.) was slowly added dropwise via cannula, resulting in a 
yellow-cloudy mixture. After the addition, the reaction mixture was stirred for 1 hour at 0 °C 
and then at room temperature overnight. Successively, the mixture was filtered through Celite 
in order to remove the resulting insoluble salts and the bright yellow filtrate was dried under 
vacuum.  
 
5.4.8 Lipoic acid 3-butyn-1-yl ester (HC≡CL2) 
For the synthesis of this ligand, 3-butyn-ol (293 μL, 3.88 mmol, 1 eq.) was used as terminal 
alkyne. Purification on a silica gel column with n-hexane/ethyl acetate (1:1 v/v) was 
performed (R.F. 0.7). The purified product was obtained as dense yellow oil and was stored 
in the fridge (0.63 g, 62% yield). 
IR (νmax/cm
-1
): 1236, 1166, 1732 (C=O);
1
H NMR (CD2Cl2) δH: 4.15 (t, JHH = 6.8 Hz, OCH2, 
2H), 3.61 − 3.53 (m, CH2CHCH2, 1H), 3.23 − 3.06 (m, CH2CO, 2H), 2.52 (td, JHH = 6.8, 2.7 
Hz, CH2C≡CH, 2H), 2.49 – 2.39 (m, CH2CH2, 1H), 2.33 (t, JHH= 7.4 Hz, SCH2CH2, 2H), 2.04 
(t, JHH= 2.7 Hz, C≡CH, 1H), 1.95 − 1.84 (m, CH2CH2,1H), 1.76 − 1.65 (m, 4H, CH2CH2), 
1.54 − 1.45 (m, CH2CH2, 2H). MS (ES +ve): m/z (100) 207 [M]
+
. 
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5.4.9 Lipoic acid-4-ethynyl benzyl ester (HC≡CL3) 
For the synthesis of this ligand, p-ethynylbenzyl alcohol (315 mg, 3.88 mmol, 1 eq.). 
Purification on a silica gel column with n-hexane/ethyl acetate (7:3 v/v) was performed (R.F. 
0.63). The purified product was obtained as dense yellow oil and was stored in the fridge 
(0.82 g, 42,7 % yield). IR (νmax/cm
-1
): 1732 (C=O), 1160, 820. 
1
H NMR (CD2Cl2) δH: 4.15 (t, 
JHH = 6.8 Hz, OCH2, 2H), 3.61 − 3.53 (m, CH2CHCH2, 1H), 3.23-3.06 (m, CH2CO, 2H), 2.52 
(td, JHH = 6.8, 2.7 Hz, CH2C≡CH, 2H), 2.49 – 2.39 (m, CH2CH2, 1H), 2.33 (t, JHH = 7.4 Hz, 
SCH2CH2, 2H), 2.04 (t, JHH = 2.7 Hz, CH2-C≡CH, 1H), 1.95 − 1.84 (m, CH2CH2,1H), 1.67 
(tdd, JHH = 14.1, 9.3, 7.0 Hz, CH2CH2, 4H), 1.50 − 1.38 (m, CH2CH2, 2H). 
13
C NMR (CDCl3) 
δC: 173.3 (COOCH2), 136.8, 132.4, 128.1, 122.1 (C6H4), 83.3 (C≡C), 77.8 (C≡C), 65.7 
(OCH2), 56.4, 40.3, 38.6, 34.7, 34.1, 28.8, 24.8 ppm; MS (ES +ve): m/z 207 (100) [M + H]
+
.  
 
5.4.10 [Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (24) 
The synthesis of this complex was achieved through a one-pot procedure. 
[RuH(Cl)(CO)(PPh3)3] (100 mg, 0.105 mmol, 1 eq.) was dissolved in dichloromethane (10 
mL) and HC≡CL3 was added in slightly excess (50 μL, 0.158 mmol, 1.1 eq.) and the bright 
orange solution was stirred for 10 minutes at room temperature, following the addition of 
TBTD (34.4 mg, 0.158 mmol, 1.2 eq.) as dichloromethane solution (5 mL). The red solution 
was then stirred for 30 minutes. Subsequently, the solvent was evaporated under vacuum and 
ultrasonic trituration in diethyl ether / petroleum ether (1:2 mixture) was performed and the 
product which was filtered and collected as a red powder (111.6 mg, 86.5%). The mixture 
contains 30 % of free phosphine. IR νmax/cm
-1 
= 1922 (CO), 1729 (C=O), 1626 (C=C). 
1
H-
NMR (CD2Cl2): δH (ppm) 8.84 (dt, JHH = 16.7, JHP = 3.2 Hz, 1H, Hα), 8.23 (s, 1H, TBTD), 
7.95 – 7.85 (m, 2H, TBTD), 7.72 (dd, JHH = 2.9, 1.5 Hz, 1H, TBTD), 7.57 (dd, JHH = 5.0, 1.7 
Hz, 2H, TBTD), 7.30-7.36 (m, 18H, PPh3), 7.17-7.13 (m, 2H, phenyl), 7.10 (m, 12H, PPh3), 
6.92 (d, JHH = 8.1 Hz, 2H, phenyl), 5.92 (d, JHH = 16.7 Hz, 1H, Ru-CH=CH), 5.01 (s, 2H, 
L3), 3.57 (dq, JHH = 8.4, 6.6 Hz, 1H, L3), 3.22-3.05 (m, 2H, L3) 2.49-2.39 (m, 1H, L3), 2.36 
(t, JHH = 7.5 Hz, 2H, L3), 1.94-1.83 (m, 1H, L3), 1.78-1.61 (m, 4H, L3), 1.55-1.40 (m, 2H, 
L3); 
31
P-NMR (CD2Cl2): δP (ppm) = 25.4 (s, PPh3); MS (ES +ve): m/z 1238 (30) [M]
+
. 
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5.4.11 [Ru(CH=CHL3)Cl(CO)2(PPh3)2] (24 CO) 
A dichloromethane (10 mL) solution of complex 24 (50 mg, 0.0401 mmol) was treated with 
carbon monoxide (excess) no colour change was observed. The solution turned from dark 
orange to pale yellow. The solvent was then removed by rotary evaporation and the resulting 
off-white solid was triturated with diethyl ether (5 mL) and then filtrated and dried (40 mg, 
95 %). 
IR νmax/cm
-1 
 = 2030 (CO), 1955 (CO), 1732 (C=Oester), 1625 (C=C), 1572, 1434, 1089, 693, 
515;
1
H-NMR (CD2Cl2) δH: 7.77 – 7.56 (m, 11H, PPh3  + Hα), 7.37 (m, 18H, PPh3), 7.13, 6.84 
(d, 2 x 2H, AB, JAB = 8.1 Hz, C6H4), 5.85 (d, 1H, JHH = 18.1 Hz, JHP unresolved, Hβ), 5.01 (s, 
2H, L3), 3.62 – 3.50 (m, 1H, L3), 3.20 – 3.03 (m, 2H, L3), 2.42-2.46 (m, 1H, L3), 2.38 – 2.30 
(m, 2H, L3), 1.91 – 1.90 (m, 1H, L3), 1.88 – 1.87 (m, 2H, L3), 1.70 – 1.63 (m, 4H, L3); 31P 
NMR (CD2Cl2) δP: 23.9 (s, PPh3);MS (ES +ve): m/z 1044 (M
+
, 100%); Elemental Analysis 
calculated for C55H51ClO4P2RuS2 0.5CH2Cl2: C, 61.6; H, 4.8%. Found: C, 61.8; H, 5.0 
 
 
5.5 Silica gel immobilisation of the vinyl complexes 6−18  
Each ruthenium and osmium vinyl complex was dissolved in a minimum volume of CHCl3. 
An excess of silica (particle size 40-63 µm, silica gel for chromatographic use) was added to 
the coloured solution in a 1:10 (complex:silica) mass ratio and the resulting suspension was 
stirred at room temperature for five minutes. After removal of the solvent on a rotary 
evaporator, the solid was recovered and left to stand for one hour at room temperature prior 
use. 
 
5.6 Preparation of cellulose paper-supported complex 1 
Complex 1 was supported on cellulose paper for chromatographic use (Whatman Grade no. 
3MM Chromatography Paper). Probes were prepared in a simple manner by dropping 0.2 mL 
of a solution of 1 in dichloromethane (5 mg/mL) on the cellulose paper strip and dried in air 
under ambient conditions. 
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5.7 Cell Culture, MTT Assay and Confocal Microscopy 
Cervical cancer HeLa cells were kindly donated by Prof. Ed Tate from Imperial College 
London. The cells were routinely grown in a DMEM (Dulbecco's Modified Eagle Medium), 
high glucose + GlutaMAX
TM
 medium containing 10% foetal calf serum (FCS), purchased 
from Gibco® by Life Technologies
TM
. The maintenance of the cell culture was carried out 
according to standard protocols given by the European Collection of Authenticated Cell 
Cultures (ECACC). For growth inhibition assays, the cells were seeded in 96-well plates 
(Corning® Costar®, Sigma-Aldrich) and grown for 24 h at 37 ºC in a 4 − 10 % CO2 
incubator. Stock solutions of the compounds were prepared by dissolving the compounds (22, 
23 and TBTD) in DMSO (sterile-filtered) to reach a concentration of 10
-2
 M. After gently 
aspirating the cell medium from the wells, different aliquots of these solutions were diluted 
with the DMEM medium and then added to the wells (200 μL) to reach final concentrations 
between 0.5 to 100 μM. DMSO was also tested as a control and found to produce no effect on 
the cell viability. After 1, 3, 24 and 72 h incubation, the medium was gently aspirated and 
replaced with 200 μL of a solution of (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) (MTT) in PBS (2 mg mL
-1
) was added to each well, and the plates were then 
incubated for 2 h at 37°C, after which the absorbance of each well was measured at 580 nm 
using a 96-well multiwell-plate reader (SpectraMax M2/M2e Microplate Reader from 
Molecular Devices.) and compared to the values of control cells incubated without 
compounds. The viability was assessed by fitting the percentage of surviving cells against the 
complex concentrations using a sigmoidal function (Origin v8).  
Cellular internalisation studies were performed using a confocal Leica microscope with a 
TCS SP2 system and equipped with an acoustic optical beam splitter (AOBS). In the first 
instance, HeLa cells were incubated for 30 minutes with compounds 22, 23 and TBTD at 
final concentrations of 50 μM before starting the measurements (this time delay allowed the 
compounds to enter the cells). In a second instance, HeLa cells were incubated with 
compounds 22 and 23 (50 μM) in the presence of CORM-3 at a concentration of 50 μM. The 
images were edited with Fiji Macro.   
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5.8 Gold Nanoparticles synthesis and studies 
 
5.8.1 Synthesis of citrate-capped gold nanoparticles (ccAuNPs)  
All the glassware is thoroughly washed with aqua regia and copious amount of water before 
use. Two different sizes of gold nanoparticles were prepared according to the following 
protocol. 
Gold(III) chloride trihydrate (39.4 mg, 1 eq) was dissolved in 0.1 L of Milli- L Q ultrapure 
water (1 mM) and the bright yellow solution was heated to the boiling point (100 ºC). When 
this temperature had been reached, the solution of gold(III) precursor was treated with  
tribasic sodium citrate as 10 mL aqueous solutions (Table S1). The resulting mixture was 
stirred at the reflux temperature for 30 minutes until a red/purple colour had formed. The 
solution was then cooled and stored in the fridge until use. 
 
 
 
 
 
 
Table S1. Sodium citrate and gold(III) chloride trihydrate ratios to obtain larger (ccAuNPs 1) and 
smaller (ccAuNPs 2) sizes of citrate-capped gold nanoparticles 
 
Solutions of citrate-capped gold nanoparticles stored in the fridge at 4 ºC were found to be 
stable up to a few months. 
 
5.8.2 Preparation of PEGylated gold nanoparticles functionalised with 
[Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2]  
This preparation was carried out in three steps using the previously synthesised citrate-capped 
gold nanoparticles. 
The procedure was commenced by adding PEG-SH  to the surface of the nanoparticles via an 
exchange reaction. The nanoparticles were then centrifuged and washed with Milli- L Q 
ultrapure water in order to eliminate the excess of PEG-SH and the citrate surfactant. 
 Citrate : gold (eq.) 
Sodium citrate 
(mmol) 
Mass of sodium 
citrate (mg) 
ccAuNPs 1 2.8 : 1 2.88·10
-4 84.6 
ccAuNPs 2 3.8 : 1 3.88·10
-4 113 
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Complex 24 was then attached to the surface of the NPs. The nanoparticle functionalisation 
requires the complete elimination of the free PEG-SH and the remaining citrate, as the 
ruthenium probe is likely to be reactive towards S- and O-donor compounds. 
 
The quantities of PEG-SH and compound 24 used for the gold nanoparticle functionalisation 
were based on 1 equivalent of gold, which corresponds to 0.01 mmol of ccAuNPs present in 
10 mL of nanoparticle solution. In order to carry out the functionalisation, two stock solutions 
of PEG-SH and complex 24 were prepared by dissolving  PEG-SH (50 mg) in 10 mL of 
ultra-pure water (2.5 mM) and by dissolving  complex 24 (10 mg) in 1 mL of acetone (0.008 
M). 
 
 PEGylation protocol 
To a 5 mL solution of citrate-capped AuNPs previously synthesised and stored in the fridge 
was added 200 μL of the stock solution of PEG-SH (1 : 0.1 eq of gold : PEG-SH ratio). The 
mixture was left stirring overnight at room temperature. The resulting dark purple suspension 
was centrifuged (9000 rpm for 5 min) and washed with ultrapure water. This procedure was 
repeated three times. Finally, the nanoparticles were resuspended in ultrapure water (3 mL) 
and then stored in the fridge. 
 
 Functionalisation with [Ru(CH=CHL3)Cl(CO)(TBTD)(PPh3)2] (24) 
The PEGylated nanoparticles were treated with 185 μL of the stock solution of probe 24 and 
the resulting suspension was then stirred for 1 hour at room temperature. The nanoparticles 
were centrifuged (9000 rpm for 2 min) and washed with ultrapure water once. The 
fluorescence measurements were carried out immediately after the functionalisation. 
 
It should be noted that the nanoparticles should be suspended at all times during the 
functionalisation process. If any agglomeration occurs, the procedure needs to be repeated. In 
particular, prolonged use of the centrifuge could cause overheating and thus induce 
agglomeration and/or decomposition. 
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Appendix A: Crystal structure data 
A.1. Crystal data and structure refinement for 
[Ru(CH=CHPyrenyl-1)Cl(CO)(BTD)(PPh3)2] (6) 
 
Table A1. Crystal data and structure refinement for JWE1301. 
 
Identification code JWE1301 
Formula C61 H45 Cl N2 O P2 Ru S 
Formula weight 1052.51 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, Pn 
Unit cell dimensions a = 10.14297(19) Å  = 90° 
 b = 15.8652(3) Å  = 93.3717(17)° 
 c = 15.3256(3) Å  = 90° 
Volume, Z 2461.93(8) Å3, 2 
Density (calculated) 1.420 Mg/m3 
Absorption coefficient 0.526 mm-1 
F(000) 1080 
Crystal colour / morphology Orange blocky needles 
Crystal size 0.31 x 0.10 x 0.07 mm3 
 range for data collection 2.89 to 29.47° 
Index ranges -13<=h<=13, -20<=k<=21, -21<=l<=20 
Reflns collected / unique 20769 / 10246 [R(int) = 0.0296] 
Reflns observed [F>4(F)] 9260 
Absorption correction Analytical 
Max. and min. transmission 0.968 and 0.880 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10246 / 2 / 622 
Goodness-of-fit on F2 1.032 
Final R indices [F>4(F)] R1 = 0.0289, wR2 = 0.0560 
 R1+ = 0.0289, wR2+ = 0.0560 
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 R1- = 0.0346, wR2- = 0.0691 
R indices (all data) R1 = 0.0372, wR2 = 0.0583 
Absolute structure parameter x+ = 0.000(15), x- = 1.028(15) 
Largest diff. peak, hole 0.370, -0.325 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Table 2. Bond lengths [Å] and angles [°] 
 
Ru-C(30) 1.824(3) 
Ru-C(1) 2.048(3) 
Ru-N(21) 2.238(3) 
Ru-P(1) 2.4064(7) 
Ru-P(2) 2.4099(6) 
Ru-Cl 2.4663(7) 
P(1)-C(31) 1.833(3) 
P(1)-C(43) 1.835(3) 
P(1)-C(37) 1.841(3) 
P(2)-C(61) 1.818(3) 
P(2)-C(55) 1.837(3) 
P(2)-C(49) 1.852(3) 
C(1)-C(2) 1.323(4) 
C(2)-C(3) 1.471(4) 
C(3)-C(4) 1.410(4) 
C(3)-C(16) 1.416(4) 
C(4)-C(5) 1.370(4) 
C(5)-C(6) 1.394(4) 
C(6)-C(17) 1.417(4) 
C(6)-C(7) 1.433(4) 
C(7)-C(8) 1.356(5) 
C(8)-C(9) 1.419(5) 
C(9)-C(10) 1.401(4) 
C(9)-C(18) 1.423(4) 
C(10)-C(11) 1.380(4) 
C(11)-C(12) 1.377(4) 
C(12)-C(13) 1.402(4) 
C(13)-C(18) 1.425(4) 
C(13)-C(14) 1.425(4) 
C(14)-C(15) 1.344(4) 
C(15)-C(16) 1.443(4) 
C(16)-C(17) 1.424(4) 
C(17)-C(18) 1.436(4) 
N(21)-C(29) 1.346(4) 
N(21)-S(22) 1.649(2) 
S(22)-N(23) 1.610(3) 
N(23)-C(24) 1.329(4) 
C(24)-C(25) 1.410(4) 
C(24)-C(29) 1.444(4) 
C(25)-C(26) 1.358(5) 
C(26)-C(27) 1.422(4) 
C(27)-C(28) 1.352(4) 
C(28)-C(29) 1.411(4) 
C(30)-O(30) 1.146(3) 
C(31)-C(36) 1.388(4) 
C(31)-C(32) 1.399(4) 
C(32)-C(33) 1.379(4) 
C(33)-C(34) 1.376(4) 
C(34)-C(35) 1.372(4) 
 
 
 
C(35)-C(36) 1.396(4) 
C(37)-C(38) 1.378(4) 
C(37)-C(42) 1.381(4) 
C(38)-C(39) 1.380(4) 
C(39)-C(40) 1.373(4) 
C(40)-C(41) 1.358(4) 
C(41)-C(42) 1.387(4) 
C(43)-C(44) 1.387(4) 
C(43)-C(48) 1.393(4) 
C(44)-C(45) 1.389(4) 
C(45)-C(46) 1.380(5) 
C(46)-C(47) 1.377(5) 
C(47)-C(48) 1.374(4) 
C(49)-C(50) 1.374(4) 
C(49)-C(54) 1.401(4) 
C(50)-C(51) 1.402(4) 
C(51)-C(52) 1.369(4) 
C(52)-C(53) 1.386(5) 
C(53)-C(54) 1.371(4) 
C(55)-C(60) 1.383(4) 
C(55)-C(56) 1.394(4) 
C(56)-C(57) 1.375(4) 
C(57)-C(58) 1.379(4) 
C(58)-C(59) 1.383(4) 
C(59)-C(60) 1.386(4) 
C(61)-C(66) 1.391(4) 
C(61)-C(62) 1.405(4) 
C(62)-C(63) 1.380(4) 
C(63)-C(64) 1.381(5) 
C(64)-C(65) 1.380(5) 
C(65)-C(66) 1.391(4) 
 
C(30)-Ru-C(1) 88.71(12) 
C(30)-Ru-N(21) 99.83(10) 
C(1)-Ru-N(21) 171.45(11) 
C(30)-Ru-P(1) 92.25(8) 
C(1)-Ru-P(1) 87.14(7) 
N(21)-Ru-P(1) 92.07(6) 
C(30)-Ru-P(2) 88.48(8) 
C(1)-Ru-P(2) 88.27(7) 
N(21)-Ru-P(2) 92.35(6) 
P(1)-Ru-P(2) 175.34(3) 
C(30)-Ru-Cl 178.60(8) 
C(1)-Ru-Cl 90.60(8) 
N(21)-Ru-Cl 80.85(7) 
P(1)-Ru-Cl 86.50(2) 
P(2)-Ru-Cl 92.72(2) 
C(31)-P(1)-C(43) 104.27(12) 
C(31)-P(1)-C(37) 100.72(12) 
C(43)-P(1)-C(37) 102.29(12) 
C(31)-P(1)-Ru 114.66(8) 
C(43)-P(1)-Ru 115.15(8) 
C(37)-P(1)-Ru 117.71(9) 
C(61)-P(2)-C(55) 104.44(13) 
C(61)-P(2)-C(49) 104.12(13) 
C(55)-P(2)-C(49) 100.04(12) 
C(61)-P(2)-Ru 112.14(8) 
C(55)-P(2)-Ru 114.71(8) 
C(49)-P(2)-Ru 119.58(9) 
C(2)-C(1)-Ru 133.2(2) 
C(1)-C(2)-C(3) 127.0(3) 
C(4)-C(3)-C(16) 117.0(3) 
C(4)-C(3)-C(2) 120.6(3) 
C(16)-C(3)-C(2) 122.3(3) 
C(5)-C(4)-C(3) 122.8(3) 
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C(4)-C(5)-C(6) 121.2(3) 
C(5)-C(6)-C(17) 118.2(3) 
C(5)-C(6)-C(7) 122.3(3) 
C(17)-C(6)-C(7) 119.4(3) 
C(8)-C(7)-C(6) 121.0(3) 
C(7)-C(8)-C(9) 121.8(3) 
C(10)-C(9)-C(8) 123.1(3) 
C(10)-C(9)-C(18) 118.6(3) 
C(8)-C(9)-C(18) 118.3(3) 
C(11)-C(10)-C(9) 121.5(3) 
C(12)-C(11)-C(10) 120.1(3) 
C(11)-C(12)-C(13) 121.4(3) 
C(12)-C(13)-C(18) 118.7(3) 
C(12)-C(13)-C(14) 123.4(3) 
C(18)-C(13)-C(14) 117.9(2) 
C(15)-C(14)-C(13) 122.6(3) 
C(14)-C(15)-C(16) 121.8(3) 
C(3)-C(16)-C(17) 120.2(3) 
C(3)-C(16)-C(15) 122.6(3) 
C(17)-C(16)-C(15) 117.2(2) 
C(6)-C(17)-C(16) 120.5(2) 
C(6)-C(17)-C(18) 118.8(3) 
C(16)-C(17)-C(18) 120.7(3) 
C(9)-C(18)-C(13) 119.7(3) 
C(9)-C(18)-C(17) 120.6(3) 
C(13)-C(18)-C(17) 119.7(3) 
C(29)-N(21)-S(22) 106.80(19) 
C(29)-N(21)-Ru 132.04(19) 
S(22)-N(21)-Ru 121.11(14) 
N(23)-S(22)-N(21) 99.61(13) 
C(24)-N(23)-S(22) 107.6(2) 
N(23)-C(24)-C(25) 126.0(3) 
N(23)-C(24)-C(29) 113.9(3) 
C(25)-C(24)-C(29) 120.1(3) 
C(26)-C(25)-C(24) 118.6(3) 
C(25)-C(26)-C(27) 121.2(3) 
C(28)-C(27)-C(26) 122.1(3) 
C(27)-C(28)-C(29) 118.7(3) 
N(21)-C(29)-C(28) 128.5(3) 
N(21)-C(29)-C(24) 112.1(3) 
C(28)-C(29)-C(24) 119.4(3) 
O(30)-C(30)-Ru 178.2(3) 
C(36)-C(31)-C(32) 118.3(2) 
C(36)-C(31)-P(1) 125.3(2) 
C(32)-C(31)-P(1) 116.3(2) 
C(33)-C(32)-C(31) 120.6(3) 
C(34)-C(33)-C(32) 120.7(3) 
C(35)-C(34)-C(33) 119.6(3) 
C(34)-C(35)-C(36) 120.4(3) 
C(31)-C(36)-C(35) 120.4(3) 
C(38)-C(37)-C(42) 117.3(3) 
C(38)-C(37)-P(1) 119.5(2) 
C(42)-C(37)-P(1) 123.2(2) 
C(37)-C(38)-C(39) 121.2(3) 
C(40)-C(39)-C(38) 120.4(3) 
C(41)-C(40)-C(39) 119.5(3) 
C(40)-C(41)-C(42) 120.0(3) 
C(37)-C(42)-C(41) 121.6(3) 
C(44)-C(43)-C(48) 118.2(3) 
C(44)-C(43)-P(1) 122.1(2) 
C(48)-C(43)-P(1) 119.6(2) 
C(43)-C(44)-C(45) 120.3(3) 
C(46)-C(45)-C(44) 120.5(3) 
C(47)-C(46)-C(45) 119.6(3) 
C(48)-C(47)-C(46) 120.1(3) 
C(47)-C(48)-C(43) 121.3(3) 
C(50)-C(49)-C(54) 118.9(3) 
C(50)-C(49)-P(2) 122.3(2) 
C(54)-C(49)-P(2) 118.8(2) 
C(49)-C(50)-C(51) 120.9(3) 
C(52)-C(51)-C(50) 119.4(3) 
C(51)-C(52)-C(53) 119.9(3) 
C(54)-C(53)-C(52) 120.9(3) 
C(53)-C(54)-C(49) 119.9(3) 
C(60)-C(55)-C(56) 118.8(2) 
C(60)-C(55)-P(2) 124.0(2) 
C(56)-C(55)-P(2) 117.1(2) 
C(57)-C(56)-C(55) 120.5(3) 
C(56)-C(57)-C(58) 120.5(3) 
C(57)-C(58)-C(59) 119.6(3) 
C(58)-C(59)-C(60) 120.0(3) 
C(55)-C(60)-C(59) 120.6(3) 
C(66)-C(61)-C(62) 118.5(3) 
C(66)-C(61)-P(2) 122.5(2) 
C(62)-C(61)-P(2) 118.7(2) 
C(63)-C(62)-C(61) 120.6(3) 
C(62)-C(63)-C(64) 120.2(3) 
C(65)-C(64)-C(63) 119.9(3) 
C(64)-C(65)-C(66) 120.4(3) 
C(61)-C(66)-C(65) 120.3(3) 
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A.2. Crystal data and structure refinement for  
[Ru(CH=CHPyrenyl-1)Cl(CO)2(PPh3)2] (6·CO) 
 
 
Table A2. Crystal data and structure refinement for JWE1305. 
 
Identification code JWE1305 
Formula C56 H41 Cl O2 P2 Ru, C H2 Cl2 
Formula weight 1029.27 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 10.2934(2) Å  = 101.858(3)° 
 b = 14.2153(4) Å  = 99.784(2)° 
 c = 17.9941(5) Å  = 104.373(2)° 
Volume, Z 2427.39(12) Å3, 2 
Density (calculated) 1.408 Mg/m3 
Absorption coefficient 0.597 mm-1 
F(000) 1052 
Crystal colour / morphology Yellow tabular needles 
Crystal size 0.53 x 0.36 x 0.07 mm3 
 range for data collection 3.18 to 29.01° 
Index ranges -11<=h<=13, -18<=k<=14, -24<=l<=22 
Reflns collected / unique 19738 / 10499 [R(int) = 0.0186] 
Reflns observed [F>4(F)] 9115 
Absorption correction Analytical 
Max. and min. transmission 0.958 and 0.795 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10499 / 0 / 559 
Goodness-of-fit on F2 1.069 
Final R indices [F>4(F)] R1 = 0.0309, wR2 = 0.0840 
R indices (all data) R1 = 0.0383, wR2 = 0.0885 
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Largest diff. peak, hole 0.407, -0.346 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Table 2. Bond lengths [Å] and angles [°] for JWE1305. 
 
Ru-C(19) 1.857(2) 
Ru-C(20) 1.957(2) 
Ru-C(1) 2.104(2) 
Ru-P(2) 2.4060(5) 
Ru-P(1) 2.4126(5) 
Ru-Cl 2.4472(5) 
P(1)-C(27) 1.829(2) 
P(1)-C(21) 1.835(2) 
P(1)-C(33) 1.839(2) 
P(2)-C(45) 1.824(2) 
P(2)-C(51) 1.832(2) 
P(2)-C(39) 1.840(2) 
C(1)-C(2) 1.331(3) 
C(2)-C(3) 1.471(3) 
C(3)-C(4) 1.394(3) 
C(3)-C(16) 1.421(3) 
C(4)-C(5) 1.382(3) 
C(5)-C(6) 1.385(4) 
C(6)-C(17) 1.417(3) 
C(6)-C(7) 1.432(3) 
C(7)-C(8) 1.353(4) 
C(8)-C(9) 1.417(4) 
C(9)-C(10) 1.402(4) 
C(9)-C(18) 1.426(3) 
C(10)-C(11) 1.364(5) 
C(11)-C(12) 1.380(4) 
C(12)-C(13) 1.403(3) 
C(13)-C(18) 1.415(4) 
C(13)-C(14) 1.429(4) 
C(14)-C(15) 1.356(3) 
C(15)-C(16) 1.438(3) 
C(16)-C(17) 1.424(3) 
C(17)-C(18) 1.438(3) 
C(19)-O(19) 1.141(2) 
C(20)-O(20) 1.132(3) 
 
 
C(21)-C(22) 1.397(3) 
C(21)-C(26) 1.398(3) 
C(22)-C(23) 1.389(3) 
C(23)-C(24) 1.372(4) 
C(24)-C(25) 1.383(4) 
C(25)-C(26) 1.382(3) 
C(27)-C(28) 1.380(3) 
C(27)-C(32) 1.396(3) 
C(28)-C(29) 1.390(3) 
C(29)-C(30) 1.381(4) 
C(30)-C(31) 1.371(4) 
C(31)-C(32) 1.371(3) 
C(33)-C(34) 1.389(3) 
C(33)-C(38) 1.390(3) 
C(34)-C(35) 1.388(4) 
C(35)-C(36) 1.370(4) 
C(36)-C(37) 1.369(4) 
C(37)-C(38) 1.383(3) 
C(39)-C(44) 1.385(3) 
C(39)-C(40) 1.395(3) 
C(40)-C(41) 1.385(3) 
C(41)-C(42) 1.380(4) 
C(42)-C(43) 1.379(3) 
C(43)-C(44) 1.394(3) 
C(45)-C(46) 1.395(3) 
C(45)-C(50) 1.396(3) 
C(46)-C(47) 1.386(3) 
C(47)-C(48) 1.381(4) 
C(48)-C(49) 1.378(4) 
C(49)-C(50) 1.398(3) 
C(51)-C(56) 1.387(3) 
C(51)-C(52) 1.395(3) 
C(52)-C(53) 1.389(3) 
C(53)-C(54) 1.376(3) 
C(54)-C(55) 1.383(3) 
C(55)-C(56) 1.390(3) 
 
C(19)-Ru-C(20) 91.73(9) 
C(19)-Ru-C(1) 86.84(8) 
C(20)-Ru-C(1) 178.37(8) 
C(19)-Ru-P(2) 89.52(6) 
C(20)-Ru-P(2) 93.09(6) 
C(1)-Ru-P(2) 86.10(6) 
C(19)-Ru-P(1) 92.49(6) 
C(20)-Ru-P(1) 93.72(6) 
C(1)-Ru-P(1) 87.15(6) 
P(2)-Ru-P(1) 172.838(18) 
C(19)-Ru-Cl 175.94(6) 
C(20)-Ru-Cl 91.48(6) 
C(1)-Ru-Cl 89.98(6) 
P(2)-Ru-Cl 92.796(18) 
P(1)-Ru-Cl 84.819(18) 
C(27)-P(1)-C(21) 105.66(10) 
C(27)-P(1)-C(33) 102.45(10) 
C(21)-P(1)-C(33) 103.71(10) 
C(27)-P(1)-Ru 113.38(7) 
C(21)-P(1)-Ru 116.36(7) 
C(33)-P(1)-Ru 113.85(7) 
C(45)-P(2)-C(51) 106.96(10) 
C(45)-P(2)-C(39) 102.80(9) 
C(51)-P(2)-C(39) 100.35(9) 
C(45)-P(2)-Ru 109.03(7) 
C(51)-P(2)-Ru 115.36(7) 
C(39)-P(2)-Ru 120.90(7) 
C(2)-C(1)-Ru 128.69(16) 
C(1)-C(2)-C(3) 126.7(2) 
C(4)-C(3)-C(16) 118.5(2) 
C(4)-C(3)-C(2) 121.1(2) 
C(16)-C(3)-C(2) 120.39(19) 
C(5)-C(4)-C(3) 121.8(2) 
C(4)-C(5)-C(6) 121.5(2) 
C(5)-C(6)-C(17) 118.5(2) 
C(5)-C(6)-C(7) 122.6(2) 
C(17)-C(6)-C(7) 118.9(2) 
C(8)-C(7)-C(6) 121.0(3) 
C(7)-C(8)-C(9) 122.1(2) 
C(10)-C(9)-C(8) 122.9(3) 
C(10)-C(9)-C(18) 118.3(3) 
C(8)-C(9)-C(18) 118.7(2) 
C(11)-C(10)-C(9) 121.0(3) 
C(10)-C(11)-C(12) 121.4(3) 
C(11)-C(12)-C(13) 120.3(3) 
C(12)-C(13)-C(18) 118.8(2) 
C(12)-C(13)-C(14) 122.8(3) 
C(18)-C(13)-C(14) 118.4(2) 
C(15)-C(14)-C(13) 121.8(2) 
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C(14)-C(15)-C(16) 121.5(2) 
C(3)-C(16)-C(17) 119.3(2) 
C(3)-C(16)-C(15) 122.47(19) 
C(17)-C(16)-C(15) 118.20(19) 
C(6)-C(17)-C(16) 120.5(2) 
C(6)-C(17)-C(18) 119.7(2) 
C(16)-C(17)-C(18) 119.8(2) 
C(13)-C(18)-C(9) 120.1(2) 
C(13)-C(18)-C(17) 120.3(2) 
C(9)-C(18)-C(17) 119.5(2) 
O(19)-C(19)-Ru 177.95(19) 
O(20)-C(20)-Ru 175.49(19) 
C(22)-C(21)-C(26) 118.6(2) 
C(22)-C(21)-P(1) 121.35(17) 
C(26)-C(21)-P(1) 120.06(17) 
C(23)-C(22)-C(21) 120.3(2) 
C(24)-C(23)-C(22) 120.5(3) 
C(23)-C(24)-C(25) 119.8(2) 
C(26)-C(25)-C(24) 120.5(3) 
C(25)-C(26)-C(21) 120.3(2) 
C(28)-C(27)-C(32) 118.8(2) 
C(28)-C(27)-P(1) 124.23(18) 
C(32)-C(27)-P(1) 116.99(17) 
C(27)-C(28)-C(29) 119.7(3) 
C(30)-C(29)-C(28) 120.6(3) 
C(31)-C(30)-C(29) 119.8(2) 
C(30)-C(31)-C(32) 119.9(3) 
C(31)-C(32)-C(27) 121.2(2) 
C(34)-C(33)-C(38) 118.6(2) 
C(34)-C(33)-P(1) 122.97(18) 
C(38)-C(33)-P(1) 118.45(17) 
C(35)-C(34)-C(33) 120.1(3) 
C(36)-C(35)-C(34) 120.6(3) 
C(37)-C(36)-C(35) 119.7(3) 
C(36)-C(37)-C(38) 120.6(3) 
C(37)-C(38)-C(33) 120.4(2) 
C(44)-C(39)-C(40) 118.87(19) 
C(44)-C(39)-P(2) 122.22(16) 
C(40)-C(39)-P(2) 118.79(16) 
C(41)-C(40)-C(39) 120.6(2) 
C(42)-C(41)-C(40) 120.0(2) 
C(43)-C(42)-C(41) 120.0(2) 
C(42)-C(43)-C(44) 120.2(2) 
C(39)-C(44)-C(43) 120.3(2) 
C(46)-C(45)-C(50) 119.10(19) 
C(46)-C(45)-P(2) 120.81(16) 
C(50)-C(45)-P(2) 119.22(16) 
C(47)-C(46)-C(45) 120.4(2) 
C(48)-C(47)-C(46) 120.2(2) 
C(49)-C(48)-C(47) 120.2(2) 
C(48)-C(49)-C(50) 120.2(2) 
C(45)-C(50)-C(49) 119.9(2) 
C(56)-C(51)-C(52) 119.01(19) 
C(56)-C(51)-P(2) 123.70(17) 
C(52)-C(51)-P(2) 117.12(16) 
C(53)-C(52)-C(51) 120.4(2) 
C(54)-C(53)-C(52) 120.3(2) 
C(53)-C(54)-C(55) 119.5(2) 
C(54)-C(55)-C(56) 120.6(2) 
C(51)-C(56)-C(55) 120.1(2) 
 
 
 
A.3. Crystal data and structure refinement for 
[Ru(CH=CHC6H5)Cl(CO)2(PPh3)2] (9·CO) 
Crystal data for 9·CO: C46H37ClO2P2Ru·CH2Cl2, M = 905.14, monoclinic, P21/n (no. 
14), a = 10.13508(17), b = 18.4651(3), c = 22.6080(5) Å, β = 97.2599(18)°, V = 4197.06(14) 
Å
3
, Z = 4, Dc = 1.432 g cm
–3, μ(Cu-Kα) = 5.798 mm–1, T = 173 K, colourless needles, Oxford 
Diffraction Xcalibur PX Ultra diffractometer; 8157 independent measured reflections (Rint = 
0.0479), F
2
 refinement,
S6
 R1(obs) = 0.0625, wR2(all) = 0.1657, 7081 independent observed 
absorption-corrected reflections [|Fo| > 4σ(|Fo|), 2θmax = 145°], 509 parameters. CCDC 
1011582.
A.4. Crystal data and structure refinement for 
 [Ru(CH=CHNap-2)Cl(CO)(BTD)(PPh3)2] (10)
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Table A4. Crystal data and structure refinement for JWE1407. 
 
Identification code JWE1407 
Formula C55 H43 Cl N2 O P2 Ru S, C H Cl3 
Formula weight 1097.80 
Temperature 173 K 
Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 
Crystal system, space group Monoclinic, P 21/n 
Unit cell dimensions a = 16.1844(4) Å  = 90° 
 b = 15.5180(4) Å  = 96.285(3)° 
 c = 19.9196(5) Å  = 90° 
Volume, Z 4972.8(2) Å3, 4 
Density (calculated) 1.466 Mg/m3 
Absorption coefficient 0.679 mm-1 
F(000) 2240 
Crystal colour / morphology Red blocks 
Crystal size 0.79 x 0.26 x 0.25 mm3 
 range for data collection 2.532 to 28.247° 
Index ranges -12<=h<=21, -13<=k<=19, -25<=l<=26 
Reflns collected / unique 17360 / 9846 [R(int) = 0.0287] 
Reflns observed [F>4(F)] 7621 
Absorption correction Analytical 
Max. and min. transmission 0.877 and 0.772 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9846 / 0 / 604 
Goodness-of-fit on F2 1.050 
Final R indices [F>4(F)] R1 = 0.0452, wR2 = 0.1057 
R indices (all data) R1 = 0.0658, wR2 = 0.1199 
Largest diff. peak, hole 0.937, -0.909 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Table 2. Bond lengths [Å] and angles [°] for JWE1407
. 
 
Ru(1)-C(30) 1.827(3) 
Ru(1)-C(1) 2.061(3) 
Ru(1)-N(21) 2.248(3) 
Ru(1)-P(1) 2.3920(9) 
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Ru(1)-P(2) 2.4114(9) 
Ru(1)-Cl(1) 2.4673(8) 
P(1)-C(43) 1.829(3) 
P(1)-C(31) 1.834(3) 
P(1)-C(37) 1.844(3) 
P(2)-C(61) 1.821(3) 
P(2)-C(55) 1.836(3) 
P(2)-C(49) 1.843(3) 
C(1)-C(2) 1.331(5) 
C(2)-C(3) 1.473(5) 
C(3)-C(4) 1.378(5) 
C(3)-C(12) 1.400(5) 
C(4)-C(5) 1.410(5) 
C(5)-C(10) 1.414(6) 
 
 
C(5)-C(6) 1.424(6) 
C(6)-C(7) 1.349(6) 
C(7)-C(8) 1.392(7) 
C(8)-C(9) 1.353(7) 
C(9)-C(10) 1.425(5) 
C(10)-C(11) 1.417(6) 
C(11)-C(12) 1.362(6) 
N(21)-C(29) 1.362(4) 
N(21)-S(22) 1.636(3) 
S(22)-N(23) 1.600(3) 
N(23)-C(24) 1.351(5) 
C(24)-C(29) 1.424(5) 
C(24)-C(25) 1.429(5) 
C(25)-C(26) 1.351(5) 
C(26)-C(27) 1.414(5) 
C(27)-C(28) 1.355(4) 
C(28)-C(29) 1.405(5) 
C(30)-O(30) 1.146(4) 
C(31)-C(32) 1.392(5) 
C(31)-C(36) 1.398(5) 
C(32)-C(33) 1.389(5) 
C(33)-C(34) 1.367(6) 
C(34)-C(35) 1.383(5) 
C(35)-C(36) 1.383(5) 
C(37)-C(42) 1.383(5) 
C(37)-C(38) 1.384(5) 
C(38)-C(39) 1.389(5) 
C(39)-C(40) 1.374(6) 
C(40)-C(41) 1.371(6) 
C(41)-C(42) 1.388(5) 
C(43)-C(44) 1.390(5) 
C(43)-C(48) 1.398(4) 
C(44)-C(45) 1.376(5) 
C(45)-C(46) 1.389(6) 
C(46)-C(47) 1.382(5) 
C(47)-C(48) 1.376(5) 
C(49)-C(54) 1.386(5) 
C(49)-C(50) 1.393(5) 
C(50)-C(51) 1.391(5) 
C(51)-C(52) 1.376(6) 
C(52)-C(53) 1.379(6) 
C(53)-C(54) 1.396(5) 
C(55)-C(56) 1.390(5) 
C(55)-C(60) 1.395(5) 
C(56)-C(57) 1.379(6) 
C(57)-C(58) 1.360(7) 
C(58)-C(59) 1.382(7) 
C(59)-C(60) 1.387(5) 
C(61)-C(62) 1.386(5) 
C(61)-C(66) 1.398(5) 
C(62)-C(63) 1.374(5) 
C(63)-C(64) 1.375(6) 
C(64)-C(65) 1.374(6) 
C(65)-C(66) 1.384(5) 
C(70)-Cl(4) 1.734(4) 
C(70)-Cl(2) 1.743(4) 
C(70)-Cl(3) 1.754(5) 
 
C(30)-Ru(1)-C(1) 88.43(13) 
C(30)-Ru(1)-N(21) 96.88(12) 
C(1)-Ru(1)-N(21) 174.64(11) 
C(30)-Ru(1)-P(1) 91.67(10) 
C(1)-Ru(1)-P(1) 88.23(9) 
N(21)-Ru(1)-P(1) 92.37(7) 
C(30)-Ru(1)-P(2) 89.56(10) 
C(1)-Ru(1)-P(2) 86.08(9) 
N(21)-Ru(1)-P(2) 93.17(7) 
P(1)-Ru(1)-P(2) 174.15(3) 
C(30)-Ru(1)-Cl(1) 178.05(10) 
C(1)-Ru(1)-Cl(1) 91.05(9) 
N(21)-Ru(1)-Cl(1) 83.67(7) 
P(1)-Ru(1)-Cl(1) 86.44(3) 
P(2)-Ru(1)-Cl(1) 92.28(3) 
C(43)-P(1)-C(31) 105.57(16) 
C(43)-P(1)-C(37) 101.67(15) 
C(31)-P(1)-C(37) 100.33(15) 
C(43)-P(1)-Ru(1) 112.92(11) 
C(31)-P(1)-Ru(1) 116.29(11) 
C(37)-P(1)-Ru(1) 118.12(12) 
C(61)-P(2)-C(55) 103.89(16) 
C(61)-P(2)-C(49) 102.14(16) 
C(55)-P(2)-C(49) 101.20(16) 
C(61)-P(2)-Ru(1) 113.39(12) 
C(55)-P(2)-Ru(1) 114.29(12) 
C(49)-P(2)-Ru(1) 119.87(11) 
C(2)-C(1)-Ru(1) 132.8(3) 
C(1)-C(2)-C(3) 126.4(3) 
C(4)-C(3)-C(12) 117.5(3) 
C(4)-C(3)-C(2) 123.3(3) 
C(12)-C(3)-C(2) 119.1(3) 
C(3)-C(4)-C(5) 122.1(4) 
C(4)-C(5)-C(10) 119.2(4) 
C(4)-C(5)-C(6) 123.1(4) 
C(10)-C(5)-C(6) 117.7(4) 
C(7)-C(6)-C(5) 121.5(5) 
C(6)-C(7)-C(8) 120.9(5) 
C(9)-C(8)-C(7) 119.8(4) 
C(8)-C(9)-C(10) 121.4(5) 
C(5)-C(10)-C(11) 118.2(3) 
C(5)-C(10)-C(9) 118.6(4) 
C(11)-C(10)-C(9) 123.2(4) 
C(12)-C(11)-C(10) 120.4(4) 
C(11)-C(12)-C(3) 122.6(4) 
C(29)-N(21)-S(22) 106.8(2) 
C(29)-N(21)-Ru(1) 132.0(2) 
S(22)-N(21)-Ru(1) 121.01(14) 
N(23)-S(22)-N(21) 99.93(15) 
C(24)-N(23)-S(22) 107.5(2) 
N(23)-C(24)-C(29) 113.6(3) 
N(23)-C(24)-C(25) 125.6(3) 
C(29)-C(24)-C(25) 120.8(3) 
C(26)-C(25)-C(24) 117.0(3) 
C(25)-C(26)-C(27) 122.2(3) 
C(28)-C(27)-C(26) 122.0(3) 
C(27)-C(28)-C(29) 118.4(3) 
N(21)-C(29)-C(28) 128.3(3) 
N(21)-C(29)-C(24) 112.1(3) 
C(28)-C(29)-C(24) 119.6(3) 
O(30)-C(30)-Ru(1) 178.1(3) 
C(32)-C(31)-C(36) 118.7(3) 
C(32)-C(31)-P(1) 124.9(3) 
C(36)-C(31)-P(1) 116.3(3) 
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C(33)-C(32)-C(31) 120.2(4) 
C(34)-C(33)-C(32) 120.7(4) 
C(33)-C(34)-C(35) 119.8(4) 
C(34)-C(35)-C(36) 120.4(4) 
C(35)-C(36)-C(31) 120.2(3) 
C(42)-C(37)-C(38) 118.1(3) 
C(42)-C(37)-P(1) 119.4(3) 
C(38)-C(37)-P(1) 122.3(3) 
C(37)-C(38)-C(39) 121.1(4) 
C(40)-C(39)-C(38) 119.9(4) 
C(41)-C(40)-C(39) 119.8(3) 
C(40)-C(41)-C(42) 120.3(4) 
C(37)-C(42)-C(41) 120.8(4) 
C(44)-C(43)-C(48) 118.3(3) 
C(44)-C(43)-P(1) 121.4(3) 
C(48)-C(43)-P(1) 120.1(3) 
C(45)-C(44)-C(43) 120.5(3) 
C(44)-C(45)-C(46) 120.9(4) 
C(47)-C(46)-C(45) 118.9(4) 
C(48)-C(47)-C(46) 120.5(3) 
C(47)-C(48)-C(43) 120.8(3) 
C(54)-C(49)-C(50) 118.7(3) 
C(54)-C(49)-P(2) 122.1(3) 
C(50)-C(49)-P(2) 119.1(3) 
C(51)-C(50)-C(49) 120.6(4) 
C(52)-C(51)-C(50) 120.2(4) 
C(51)-C(52)-C(53) 119.9(4) 
C(52)-C(53)-C(54) 120.1(4) 
C(49)-C(54)-C(53) 120.4(4) 
C(56)-C(55)-C(60) 118.2(3) 
C(56)-C(55)-P(2) 124.1(3) 
C(60)-C(55)-P(2) 117.7(3) 
C(57)-C(56)-C(55) 120.6(4) 
C(58)-C(57)-C(56) 120.8(4) 
C(57)-C(58)-C(59) 120.2(4) 
C(58)-C(59)-C(60) 119.5(4) 
C(59)-C(60)-C(55) 120.8(4) 
C(62)-C(61)-C(66) 118.8(3) 
C(62)-C(61)-P(2) 119.4(3) 
C(66)-C(61)-P(2) 121.7(3) 
C(63)-C(62)-C(61) 120.9(4) 
C(62)-C(63)-C(64) 120.2(4) 
C(65)-C(64)-C(63) 119.8(4) 
C(64)-C(65)-C(66) 120.7(4) 
C(65)-C(66)-C(61) 119.6(4) 
Cl(4)-C(70)-Cl(2) 110.9(2) 
Cl(4)-C(70)-Cl(3) 110.0(2) 
Cl(2)-C(70)-Cl(3) 109.6(2) 
 
 
 
 
 
 
 
A.5. Crystal data and structure refinement for  
[Os(CH=CHTol-4)Cl(CO)(BTD)(PPh3)2] (13)
 
Table A5. Crystal data and structure refinement for JWE1304. 
 
Identification code JWE1304 
Formula C52 H43 Cl N2 O Os P2 S, C H2 Cl2 
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Formula weight 1116.46 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 11.8215(3) Å  = 92.606(2)° 
 b = 13.0465(4) Å  = 99.286(2)° 
 c = 15.3904(4) Å  = 91.790(2)° 
Volume, Z 2338.33(11) Å3, 2 
Density (calculated) 1.586 Mg/m3 
Absorption coefficient 3.053 mm-1 
F(000) 1116 
Crystal colour / morphology Red blocky needles 
Crystal size 0.36 x 0.20 x 0.16 mm3 
 range for data collection 3.04 to 29.58° 
Index ranges -16<=h<=12, -17<=k<=15, -20<=l<=21 
Reflns collected / unique 20138 / 10837 [R(int) = 0.0201] 
Reflns observed [F>4(F)] 9915 
Absorption correction Analytical 
Max. and min. transmission 0.642 and 0.461 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10837 / 0 / 570 
Goodness-of-fit on F2 1.029 
Final R indices [F>4(F)] R1 = 0.0232, wR2 = 0.0478 
R indices (all data) R1 = 0.0279, wR2 = 0.0501 
Extinction coefficient 0.00131(9) 
Largest diff. peak, hole 0.952, -0.911 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Table 2. Bond lengths [Å] and angles [°] for JWE1304. 
 
Os-C(20) 1.831(2) 
Os-C(1) 2.068(2) 
Os-N(11) 2.2073(19) 
Os-P(1) 2.3878(6) 
Os-P(2) 2.4158(6) 
Os-Cl 2.4591(6) 
P(1)-C(21) 1.831(2) 
P(1)-C(27) 1.833(2) 
P(1)-C(33) 1.839(2) 
P(2)-C(39) 1.832(3) 
P(2)-C(45) 1.840(2) 
P(2)-C(51) 1.841(2) 
C(1)-C(2) 1.336(3) 
C(2)-C(3) 1.473(3) 
C(3)-C(8) 1.394(4) 
 
 
C(3)-C(4) 1.405(4) 
C(4)-C(5) 1.387(4) 
C(5)-C(6) 1.391(4) 
C(6)-C(7) 1.394(4) 
C(6)-C(9) 1.510(4) 
C(7)-C(8) 1.388(4) 
N(11)-C(19) 1.363(3) 
N(11)-S(12) 1.653(2) 
S(12)-N(13) 1.605(2) 
N(13)-C(14) 1.347(3) 
C(14)-C(15) 1.420(4) 
C(14)-C(19) 1.431(3) 
C(15)-C(16) 1.364(4) 
C(16)-C(17) 1.423(4) 
C(17)-C(18) 1.365(4) 
C(18)-C(19) 1.415(3) 
C(20)-O(20) 1.164(3) 
C(21)-C(22) 1.393(3) 
C(21)-C(26) 1.399(3) 
C(22)-C(23) 1.394(4) 
C(23)-C(24) 1.378(4) 
C(24)-C(25) 1.387(4) 
C(25)-C(26) 1.383(4) 
C(27)-C(28) 1.391(3) 
C(27)-C(32) 1.397(3) 
C(28)-C(29) 1.394(4) 
C(29)-C(30) 1.371(4) 
C(30)-C(31) 1.389(4) 
C(31)-C(32) 1.387(4) 
C(33)-C(34) 1.391(4) 
C(33)-C(38) 1.396(4) 
C(34)-C(35) 1.384(4) 
C(35)-C(36) 1.376(4) 
C(36)-C(37) 1.380(4) 
C(37)-C(38) 1.390(4) 
C(39)-C(44) 1.395(4) 
C(39)-C(40) 1.397(3) 
C(40)-C(41) 1.384(4) 
C(41)-C(42) 1.388(4) 
C(42)-C(43) 1.378(4) 
C(43)-C(44) 1.392(4) 
C(45)-C(50) 1.387(4) 
C(45)-C(46) 1.397(3) 
C(46)-C(47) 1.387(4) 
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C(47)-C(48) 1.383(4) 
C(48)-C(49) 1.383(4) 
C(49)-C(50) 1.395(4) 
C(51)-C(52) 1.390(3) 
C(51)-C(56) 1.400(3) 
C(52)-C(53) 1.390(3) 
C(53)-C(54) 1.370(4) 
C(54)-C(55) 1.383(4) 
C(55)-C(56) 1.393(3) 
C(60)-Cl(2) 1.748(4) 
C(60)-Cl(1) 1.767(4) 
 
C(20)-Os-C(1) 90.22(10) 
C(20)-Os-N(11) 98.40(9) 
C(1)-Os-N(11) 170.79(8) 
C(20)-Os-P(1) 91.24(8) 
C(1)-Os-P(1) 91.29(7) 
N(11)-Os-P(1) 91.78(5) 
C(20)-Os-P(2) 89.54(8) 
C(1)-Os-P(2) 84.26(7) 
N(11)-Os-P(2) 92.50(5) 
P(1)-Os-P(2) 175.48(2) 
C(20)-Os-Cl 176.74(8) 
C(1)-Os-Cl 87.61(7) 
N(11)-Os-Cl 83.92(5) 
P(1)-Os-Cl 86.38(2) 
P(2)-Os-Cl 92.66(2) 
C(21)-P(1)-C(27) 106.56(11) 
C(21)-P(1)-C(33) 102.40(11) 
C(27)-P(1)-C(33) 101.27(11) 
C(21)-P(1)-Os 113.26(8) 
C(27)-P(1)-Os 111.83(8) 
C(33)-P(1)-Os 120.02(8) 
C(39)-P(2)-C(45) 104.03(12) 
C(39)-P(2)-C(51) 101.49(11) 
C(45)-P(2)-C(51) 101.56(11) 
C(39)-P(2)-Os 116.59(8) 
C(45)-P(2)-Os 116.55(8) 
C(51)-P(2)-Os 114.44(8) 
C(2)-C(1)-Os 133.20(19) 
C(1)-C(2)-C(3) 125.8(2) 
C(8)-C(3)-C(4) 116.9(2) 
C(8)-C(3)-C(2) 120.4(2) 
C(4)-C(3)-C(2) 122.6(2) 
C(5)-C(4)-C(3) 121.1(3) 
C(4)-C(5)-C(6) 121.6(3) 
C(5)-C(6)-C(7) 117.5(2) 
C(5)-C(6)-C(9) 120.9(3) 
C(7)-C(6)-C(9) 121.6(3) 
C(8)-C(7)-C(6) 121.1(3) 
C(7)-C(8)-C(3) 121.8(3) 
C(19)-N(11)-S(12) 106.83(16) 
C(19)-N(11)-Os 132.61(16) 
S(12)-N(11)-Os 120.53(10) 
N(13)-S(12)-N(11) 99.47(11) 
C(14)-N(13)-S(12) 107.85(17) 
N(13)-C(14)-C(15) 125.5(2) 
N(13)-C(14)-C(19) 113.8(2) 
C(15)-C(14)-C(19) 120.7(2) 
C(16)-C(15)-C(14) 117.9(3) 
C(15)-C(16)-C(17) 121.4(3) 
C(18)-C(17)-C(16) 122.1(3) 
C(17)-C(18)-C(19) 118.1(2) 
N(11)-C(19)-C(18) 128.2(2) 
N(11)-C(19)-C(14) 112.0(2) 
C(18)-C(19)-C(14) 119.8(2) 
O(20)-C(20)-Os 177.6(2) 
C(22)-C(21)-C(26) 118.4(2) 
C(22)-C(21)-P(1) 121.54(19) 
C(26)-C(21)-P(1) 119.93(19) 
C(21)-C(22)-C(23) 120.6(2) 
C(24)-C(23)-C(22) 120.3(3) 
C(23)-C(24)-C(25) 119.8(3) 
C(26)-C(25)-C(24) 120.1(3) 
C(25)-C(26)-C(21) 120.9(2) 
C(28)-C(27)-C(32) 118.7(2) 
C(28)-C(27)-P(1) 125.26(19) 
C(32)-C(27)-P(1) 115.96(19) 
C(27)-C(28)-C(29) 120.3(2) 
C(30)-C(29)-C(28) 120.4(3) 
C(29)-C(30)-C(31) 120.1(3) 
C(32)-C(31)-C(30) 119.8(3) 
C(31)-C(32)-C(27) 120.6(2) 
C(34)-C(33)-C(38) 118.6(2) 
C(34)-C(33)-P(1) 121.30(19) 
C(38)-C(33)-P(1) 119.92(19) 
C(35)-C(34)-C(33) 120.6(3) 
C(36)-C(35)-C(34) 120.5(3) 
C(35)-C(36)-C(37) 119.7(2) 
C(36)-C(37)-C(38) 120.4(3) 
C(37)-C(38)-C(33) 120.2(3) 
C(44)-C(39)-C(40) 118.7(2) 
C(44)-C(39)-P(2) 123.5(2) 
C(40)-C(39)-P(2) 117.70(19) 
C(41)-C(40)-C(39) 120.8(3) 
C(40)-C(41)-C(42) 120.1(3) 
C(43)-C(42)-C(41) 119.6(3) 
C(42)-C(43)-C(44) 120.7(3) 
C(43)-C(44)-C(39) 120.0(3) 
C(50)-C(45)-C(46) 118.4(2) 
C(50)-C(45)-P(2) 121.75(19) 
C(46)-C(45)-P(2) 119.89(19) 
C(47)-C(46)-C(45) 120.7(2) 
C(48)-C(47)-C(46) 120.6(3) 
C(49)-C(48)-C(47) 119.2(3) 
C(48)-C(49)-C(50) 120.5(3) 
C(45)-C(50)-C(49) 120.7(3) 
C(52)-C(51)-C(56) 119.0(2) 
C(52)-C(51)-P(2) 121.78(19) 
C(56)-C(51)-P(2) 119.24(19) 
C(53)-C(52)-C(51) 120.2(2) 
C(54)-C(53)-C(52) 120.7(3) 
C(53)-C(54)-C(55) 120.0(2) 
C(54)-C(55)-C(56) 120.2(3) 
C(55)-C(56)-C(51) 120.0(2) 
Cl(2)-C(60)-Cl(1) 111.1(2) 
 
 
A.6. Crystal data and structure refinement for  
5-(3-thiophenyl)-2,1,3-benzothiadiazole (TBTD) 
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Table A6. Crystal data and structure refinement for JWE1505. 
 
Identification code JWE1505 
Formula C10 H6 N2 S2 
Formula weight 218.29 
Temperature 173 K 
Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 
Crystal system, space group Monoclinic, P 21/c 
Unit cell dimensions a = 11.3068(9) Å  = 90° 
 b = 7.0845(5) Å  = 96.544(8)° 
 c = 23.268(2) Å  = 90° 
Volume, Z 1851.7(3) Å3, 8 
Density (calculated) 1.566 Mg/m3 
Absorption coefficient 0.528 mm-1 
F(000) 896 
Crystal colour / morphology Pale yellow blocky needles 
Crystal size 0.46 x 0.31 x 0.14 mm3 
 range for data collection 2.380 to 28.224° 
Index ranges -13<=h<=12, -5<=k<=9, -30<=l<=20 
Reflns collected / unique 6416 / 3736 [R(int) = 0.0236] 
Reflns observed [F>4(F)] 2900 
Absorption correction Analytical 
Max. and min. transmission 0.937 and 0.841 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3736 / 82 / 295 
Goodness-of-fit on F2 1.118 
Final R indices [F>4(F)] R1 = 0.0513, wR2 = 0.1164 
R indices (all data) R1 = 0.0706, wR2 = 0.1283 
Largest diff. peak, hole 0.349, -0.400 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
-3 
Mean and maximum shift/error 0.000 and 0.001 
 
Table 2. Bond lengths [Å] and angles [°] for JWE1304. 
 
Os-C(20) 1.831(2) 
Os-C(1) 2.068(2) 
Os-N(11) 2.2073(19) 
Os-P(1) 2.3878(6) 
Os-P(2) 2.4158(6) 
Os-Cl 2.4591(6) 
P(1)-C(21) 1.831(2) 
P(1)-C(27) 1.833(2) 
P(1)-C(33) 1.839(2) 
P(2)-C(39) 1.832(3) 
P(2)-C(45) 1.840(2) 
P(2)-C(51) 1.841(2) 
C(1)-C(2) 1.336(3) 
C(2)-C(3) 1.473(3) 
C(3)-C(8) 1.394(4) 
 
 
C(3)-C(4) 1.405(4) 
C(4)-C(5) 1.387(4) 
C(5)-C(6) 1.391(4) 
C(6)-C(7) 1.394(4) 
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C(6)-C(9) 1.510(4) 
C(7)-C(8) 1.388(4) 
N(11)-C(19) 1.363(3) 
N(11)-S(12) 1.653(2) 
S(12)-N(13) 1.605(2) 
N(13)-C(14) 1.347(3) 
C(14)-C(15) 1.420(4) 
C(14)-C(19) 1.431(3) 
C(15)-C(16) 1.364(4) 
C(16)-C(17) 1.423(4) 
C(17)-C(18) 1.365(4) 
C(18)-C(19) 1.415(3) 
C(20)-O(20) 1.164(3) 
C(21)-C(22) 1.393(3) 
C(21)-C(26) 1.399(3) 
C(22)-C(23) 1.394(4) 
C(23)-C(24) 1.378(4) 
C(24)-C(25) 1.387(4) 
C(25)-C(26) 1.383(4) 
C(27)-C(28) 1.391(3) 
C(27)-C(32) 1.397(3) 
C(28)-C(29) 1.394(4) 
C(29)-C(30) 1.371(4) 
C(30)-C(31) 1.389(4) 
C(31)-C(32) 1.387(4) 
C(33)-C(34) 1.391(4) 
C(33)-C(38) 1.396(4) 
C(34)-C(35) 1.384(4) 
C(35)-C(36) 1.376(4) 
C(36)-C(37) 1.380(4) 
C(37)-C(38) 1.390(4) 
C(39)-C(44) 1.395(4) 
C(39)-C(40) 1.397(3) 
C(40)-C(41) 1.384(4) 
C(41)-C(42) 1.388(4) 
C(42)-C(43) 1.378(4) 
C(43)-C(44) 1.392(4) 
C(45)-C(50) 1.387(4) 
C(45)-C(46) 1.397(3) 
C(46)-C(47) 1.387(4) 
C(47)-C(48) 1.383(4) 
C(48)-C(49) 1.383(4) 
C(49)-C(50) 1.395(4) 
C(51)-C(52) 1.390(3) 
C(51)-C(56) 1.400(3) 
C(52)-C(53) 1.390(3) 
C(53)-C(54) 1.370(4) 
C(54)-C(55) 1.383(4) 
C(55)-C(56) 1.393(3) 
C(60)-Cl(2) 1.748(4) 
C(60)-Cl(1) 1.767(4) 
 
C(20)-Os-C(1) 90.22(10) 
C(20)-Os-N(11) 98.40(9) 
C(1)-Os-N(11) 170.79(8) 
C(20)-Os-P(1) 91.24(8) 
C(1)-Os-P(1) 91.29(7) 
N(11)-Os-P(1) 91.78(5) 
C(20)-Os-P(2) 89.54(8) 
C(1)-Os-P(2) 84.26(7) 
N(11)-Os-P(2) 92.50(5) 
P(1)-Os-P(2) 175.48(2) 
C(20)-Os-Cl 176.74(8) 
C(1)-Os-Cl 87.61(7) 
N(11)-Os-Cl 83.92(5) 
P(1)-Os-Cl 86.38(2) 
P(2)-Os-Cl 92.66(2) 
C(21)-P(1)-C(27) 106.56(11) 
C(21)-P(1)-C(33) 102.40(11) 
C(27)-P(1)-C(33) 101.27(11) 
C(21)-P(1)-Os 113.26(8) 
C(27)-P(1)-Os 111.83(8) 
C(33)-P(1)-Os 120.02(8) 
C(39)-P(2)-C(45) 104.03(12) 
C(39)-P(2)-C(51) 101.49(11) 
C(45)-P(2)-C(51) 101.56(11) 
C(39)-P(2)-Os 116.59(8) 
C(45)-P(2)-Os 116.55(8) 
C(51)-P(2)-Os 114.44(8) 
C(2)-C(1)-Os 133.20(19) 
C(1)-C(2)-C(3) 125.8(2) 
C(8)-C(3)-C(4) 116.9(2) 
C(8)-C(3)-C(2) 120.4(2) 
C(4)-C(3)-C(2) 122.6(2) 
C(5)-C(4)-C(3) 121.1(3) 
C(4)-C(5)-C(6) 121.6(3) 
C(5)-C(6)-C(7) 117.5(2) 
C(5)-C(6)-C(9) 120.9(3) 
C(7)-C(6)-C(9) 121.6(3) 
C(8)-C(7)-C(6) 121.1(3) 
C(7)-C(8)-C(3) 121.8(3) 
C(19)-N(11)-S(12) 106.83(16) 
C(19)-N(11)-Os 132.61(16) 
S(12)-N(11)-Os 120.53(10) 
N(13)-S(12)-N(11) 99.47(11) 
C(14)-N(13)-S(12) 107.85(17) 
N(13)-C(14)-C(15) 125.5(2) 
N(13)-C(14)-C(19) 113.8(2) 
C(15)-C(14)-C(19) 120.7(2) 
C(16)-C(15)-C(14) 117.9(3) 
C(15)-C(16)-C(17) 121.4(3) 
C(18)-C(17)-C(16) 122.1(3) 
C(17)-C(18)-C(19) 118.1(2) 
N(11)-C(19)-C(18) 128.2(2) 
N(11)-C(19)-C(14) 112.0(2) 
C(18)-C(19)-C(14) 119.8(2) 
O(20)-C(20)-Os 177.6(2) 
C(22)-C(21)-C(26) 118.4(2) 
C(22)-C(21)-P(1) 121.54(19) 
C(26)-C(21)-P(1) 119.93(19) 
C(21)-C(22)-C(23) 120.6(2) 
C(24)-C(23)-C(22) 120.3(3) 
C(23)-C(24)-C(25) 119.8(3) 
C(26)-C(25)-C(24) 120.1(3) 
C(25)-C(26)-C(21) 120.9(2) 
C(28)-C(27)-C(32) 118.7(2) 
C(28)-C(27)-P(1) 125.26(19) 
C(32)-C(27)-P(1) 115.96(19) 
C(27)-C(28)-C(29) 120.3(2) 
C(30)-C(29)-C(28) 120.4(3) 
C(29)-C(30)-C(31) 120.1(3) 
C(32)-C(31)-C(30) 119.8(3) 
C(31)-C(32)-C(27) 120.6(2) 
C(34)-C(33)-C(38) 118.6(2) 
C(34)-C(33)-P(1) 121.30(19) 
C(38)-C(33)-P(1) 119.92(19) 
C(35)-C(34)-C(33) 120.6(3) 
C(36)-C(35)-C(34) 120.5(3) 
C(35)-C(36)-C(37) 119.7(2) 
C(36)-C(37)-C(38) 120.4(3) 
C(37)-C(38)-C(33) 120.2(3) 
C(44)-C(39)-C(40) 118.7(2) 
C(44)-C(39)-P(2) 123.5(2) 
C(40)-C(39)-P(2) 117.70(19) 
C(41)-C(40)-C(39) 120.8(3) 
C(40)-C(41)-C(42) 120.1(3) 
C(43)-C(42)-C(41) 119.6(3) 
C(42)-C(43)-C(44) 120.7(3) 
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C(43)-C(44)-C(39) 120.0(3) 
C(50)-C(45)-C(46) 118.4(2) 
C(50)-C(45)-P(2) 121.75(19) 
C(46)-C(45)-P(2) 119.89(19) 
C(47)-C(46)-C(45) 120.7(2) 
C(48)-C(47)-C(46) 120.6(3) 
C(49)-C(48)-C(47) 119.2(3) 
C(48)-C(49)-C(50) 120.5(3) 
C(45)-C(50)-C(49) 120.7(3) 
C(52)-C(51)-C(56) 119.0(2) 
C(52)-C(51)-P(2) 121.78(19) 
C(56)-C(51)-P(2) 119.24(19) 
C(53)-C(52)-C(51) 120.2(2) 
C(54)-C(53)-C(52) 120.7(3) 
C(53)-C(54)-C(55) 120.0(2) 
C(54)-C(55)-C(56) 120.2(3) 
C(55)-C(56)-C(51) 120.0(2) 
Cl(2)-C(60)-Cl(1) 111.1(2) 
 
A.7. Crystal data and structure refinement for 
[Ru(CH=CHPhenanthrenyl-9)Cl(CO)(TBTD)(PPh3)2] (16)  
 
 
Table A7. Crystal data and structure refinement for JWE1405. 
 
Identification code JWE1405 
Formula C63 H47 Cl N2 O P2 Ru S2, 3(C H2 Cl2) 
Formula weight 1365.38 
Temperature 173(2) K 
Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 
Crystal system, space group Triclinic, P -1 
Unit cell dimensions a = 12.1009(4) Å  = 76.557(3)° 
 b = 14.7925(6) Å  = 82.335(2)° 
 c = 17.7731(5) Å  = 85.440(3)° 
Volume, Z 3062.73(18) Å3, 2 
Density (calculated) 1.481 Mg/m3 
Absorption coefficient 6.367 mm-1 
F(000) 1392 
Crystal colour / morphology Red blocks 
Crystal size 0.43 x 0.26 x 0.11 mm3 
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 range for data collection 2.574 to 73.762° 
Index ranges -14<=h<=15, -18<=k<=16, -21<=l<=13 
Reflns collected / unique 18294 / 11722 [R(int) = 0.0248] 
Reflns observed [F>4(F)] 10263 
Absorption correction Analytical 
Max. and min. transmission 0.592 and 0.285 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 11722 / 171 / 770 
Goodness-of-fit on F2 1.039 
Final R indices [F>4(F)] R1 = 0.0433, wR2 = 0.1155 
R indices (all data) R1 = 0.0496, wR2 = 0.1210 
Largest diff. peak, hole 1.178, -1.000 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 
 
 
 
Table 2. Bond lengths [Å] and 
angles [°] for JWE1405. 
 
Ru(1)-C(35) 1.824(3) 
Ru(1)-C(1) 2.055(3) 
Ru(1)-N(21) 2.235(2) 
Ru(1)-P(1) 2.3999(7) 
Ru(1)-P(2) 2.4204(7) 
Ru(1)-Cl(1) 2.4658(7) 
P(1)-C(48) 1.837(3) 
P(1)-C(42) 1.844(3) 
P(1)-C(36) 1.844(3) 
P(2)-C(66) 1.832(3) 
P(2)-C(60) 1.834(3) 
P(2)-C(54) 1.839(3) 
 
 
 
 
 
 
 
 
 
 
 
 
 
C(1)-C(2) 1.336(4) 
C(2)-C(3) 1.478(4) 
C(3)-C(4) 1.366(5) 
C(3)-C(16) 1.457(4) 
C(4)-C(5) 1.428(5) 
C(5)-C(6) 1.409(5) 
C(5)-C(10) 1.417(5) 
C(6)-C(7) 1.372(5) 
C(7)-C(8) 1.399(6) 
C(8)-C(9) 1.366(6) 
C(9)-C(10) 1.412(5) 
C(10)-C(11) 1.446(5) 
C(11)-C(12) 1.417(5) 
C(11)-C(16) 1.420(5) 
C(12)-C(13) 1.377(6) 
C(13)-C(14) 1.386(7) 
C(14)-C(15) 1.378(5) 
C(15)-C(16) 1.410(5) 
N(21)-C(29) 1.352(4) 
N(21)-S(22) 1.640(3) 
S(22)-N(23) 1.613(3) 
N(23)-C(24) 1.336(5) 
C(24)-C(25) 1.423(5) 
C(24)-C(29) 1.432(4) 
C(25)-C(26) 1.356(5) 
C(26)-C(27) 1.435(5) 
C(27)-C(28) 1.378(5) 
C(27)-C(30) 1.472(5) 
C(28)-C(29) 1.406(5) 
C(30)-C(31) 1.372(5) 
C(30)-C(34) 1.424(5) 
C(31)-S(32) 1.711(4) 
S(32)-C(33) 1.689(5) 
C(33)-C(34) 1.376(6) 
C(35)-O(35) 1.144(4) 
C(36)-C(41) 1.392(5) 
C(36)-C(37) 1.400(5) 
C(37)-C(38) 1.399(6) 
C(38)-C(39) 1.370(8) 
C(39)-C(40) 1.389(7) 
C(40)-C(41) 1.385(5) 
C(42)-C(43) 1.381(5) 
C(42)-C(47) 1.389(5) 
C(43)-C(44) 1.396(5) 
C(44)-C(45) 1.368(6) 
C(45)-C(46) 1.371(6) 
C(46)-C(47) 1.388(5) 
C(48)-C(49) 1.389(5) 
C(48)-C(53) 1.392(5) 
C(49)-C(50) 1.393(5) 
C(50)-C(51) 1.382(6) 
C(51)-C(52) 1.375(7) 
C(52)-C(53) 1.400(6) 
C(54)-C(59) 1.385(5) 
C(54)-C(55) 1.392(5) 
C(55)-C(56) 1.392(5) 
C(56)-C(57) 1.379(6) 
C(57)-C(58) 1.379(6) 
C(58)-C(59) 1.393(5) 
C(60)-C(65) 1.390(5) 
C(60)-C(61) 1.399(4) 
C(61)-C(62) 1.387(5) 
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C(62)-C(63) 1.382(6) 
C(63)-C(64) 1.381(6) 
C(64)-C(65) 1.393(5) 
C(66)-C(71) 1.391(5) 
C(66)-C(67) 1.395(5) 
C(67)-C(68) 1.386(5) 
C(68)-C(69) 1.387(6) 
C(69)-C(70) 1.378(6) 
C(70)-C(71) 1.397(5) 
C(80)-Cl(3) 1.726(8) 
C(80)-Cl(2) 1.742(9) 
C(80')-Cl(2') 1.733(17) 
C(80')-Cl(3') 1.746(17) 
C(85)-Cl(5) 1.742(7) 
C(85)-Cl(4) 1.751(8) 
C(90)-Cl(6) 1.746(8) 
C(90)-Cl(7) 1.752(7) 
C(90')-Cl(6') 1.754(16) 
C(90')-Cl(7') 1.771(16) 
C(90")-Cl(6") 1.755(17) 
C(90")-Cl(7") 1.763(17) 
 
C(35)-Ru(1)-C(1) 90.00(13) 
C(35)-Ru(1)-N(21) 98.19(11) 
C(1)-Ru(1)-N(21) 171.73(11) 
C(35)-Ru(1)-P(1) 89.99(10) 
C(1)-Ru(1)-P(1) 90.70(8) 
N(21)-Ru(1)-P(1) 90.46(7) 
C(35)-Ru(1)-P(2) 90.56(10) 
C(1)-Ru(1)-P(2) 85.59(8) 
N(21)-Ru(1)-P(2) 93.13(7) 
P(1)-Ru(1)-P(2) 176.25(3) 
C(35)-Ru(1)-Cl(1) 177.22(10) 
C(1)-Ru(1)-Cl(1) 88.31(9) 
N(21)-Ru(1)-Cl(1) 83.55(7) 
P(1)-Ru(1)-Cl(1) 87.83(3) 
P(2)-Ru(1)-Cl(1) 91.51(2) 
C(48)-P(1)-C(42) 101.55(14) 
C(48)-P(1)-C(36) 105.65(16) 
C(42)-P(1)-C(36) 98.64(14) 
C(48)-P(1)-Ru(1) 113.32(10) 
C(42)-P(1)-Ru(1) 119.75(10) 
C(36)-P(1)-Ru(1) 115.74(10) 
C(66)-P(2)-C(60) 103.88(14) 
C(66)-P(2)-C(54) 106.20(14) 
C(60)-P(2)-C(54) 101.81(14) 
C(66)-P(2)-Ru(1) 111.83(10) 
C(60)-P(2)-Ru(1) 115.65(10) 
C(54)-P(2)-Ru(1) 116.16(9) 
C(2)-C(1)-Ru(1) 134.2(2) 
C(1)-C(2)-C(3) 123.7(3) 
C(4)-C(3)-C(16) 118.3(3) 
C(4)-C(3)-C(2) 121.4(3) 
C(16)-C(3)-C(2) 120.2(3) 
C(3)-C(4)-C(5) 123.1(3) 
C(6)-C(5)-C(10) 119.6(3) 
C(6)-C(5)-C(4) 120.9(3) 
C(10)-C(5)-C(4) 119.5(3) 
C(7)-C(6)-C(5) 120.8(4) 
C(6)-C(7)-C(8) 119.9(4) 
C(9)-C(8)-C(7) 120.2(4) 
C(8)-C(9)-C(10) 121.6(4) 
C(9)-C(10)-C(5) 117.8(3) 
C(9)-C(10)-C(11) 123.2(3) 
C(5)-C(10)-C(11) 119.0(3) 
C(12)-C(11)-C(16) 118.6(3) 
C(12)-C(11)-C(10) 121.6(3) 
C(16)-C(11)-C(10) 119.8(3) 
C(13)-C(12)-C(11) 121.2(4) 
C(12)-C(13)-C(14) 120.0(4) 
C(15)-C(14)-C(13) 120.2(4) 
C(14)-C(15)-C(16) 121.5(4) 
C(15)-C(16)-C(11) 118.4(3) 
C(15)-C(16)-C(3) 121.4(3) 
C(11)-C(16)-C(3) 120.2(3) 
C(29)-N(21)-S(22) 106.9(2) 
C(29)-N(21)-Ru(1) 130.9(2) 
S(22)-N(21)-Ru(1) 122.14(14) 
N(23)-S(22)-N(21) 99.39(14) 
C(24)-N(23)-S(22) 107.8(2) 
N(23)-C(24)-C(25) 127.1(3) 
N(23)-C(24)-C(29) 113.6(3) 
C(25)-C(24)-C(29) 119.3(3) 
C(26)-C(25)-C(24) 119.1(3) 
C(25)-C(26)-C(27) 122.1(3) 
C(28)-C(27)-C(26) 119.5(3) 
C(28)-C(27)-C(30) 120.4(3) 
C(26)-C(27)-C(30) 120.1(3) 
C(27)-C(28)-C(29) 119.8(3) 
N(21)-C(29)-C(28) 127.4(3) 
N(21)-C(29)-C(24) 112.4(3) 
C(28)-C(29)-C(24) 120.2(3) 
C(31)-C(30)-C(34) 110.7(3) 
C(31)-C(30)-C(27) 125.2(3) 
C(34)-C(30)-C(27) 124.0(3) 
C(30)-C(31)-S(32) 112.6(3) 
C(33)-S(32)-C(31) 92.02(19) 
C(34)-C(33)-S(32) 111.7(3) 
C(33)-C(34)-C(30) 113.0(4) 
O(35)-C(35)-Ru(1) 177.4(3) 
C(41)-C(36)-C(37) 118.9(3) 
C(41)-C(36)-P(1) 116.4(3) 
C(37)-C(36)-P(1) 124.4(3) 
C(38)-C(37)-C(36) 119.3(4) 
C(39)-C(38)-C(37) 120.8(4) 
C(38)-C(39)-C(40) 120.3(4) 
C(41)-C(40)-C(39) 119.4(4) 
C(40)-C(41)-C(36) 121.2(4) 
C(43)-C(42)-C(47) 118.2(3) 
C(43)-C(42)-P(1) 123.5(2) 
C(47)-C(42)-P(1) 118.2(2) 
C(42)-C(43)-C(44) 120.5(3) 
C(45)-C(44)-C(43) 120.4(4) 
C(44)-C(45)-C(46) 119.8(3) 
C(45)-C(46)-C(47) 120.1(3) 
C(46)-C(47)-C(42) 120.9(3) 
C(49)-C(48)-C(53) 118.5(3) 
C(49)-C(48)-P(1) 120.0(3) 
C(53)-C(48)-P(1) 121.3(3) 
C(48)-C(49)-C(50) 120.9(3) 
C(51)-C(50)-C(49) 120.0(4) 
C(52)-C(51)-C(50) 119.9(4) 
C(51)-C(52)-C(53) 120.3(4) 
C(48)-C(53)-C(52) 120.4(4) 
C(59)-C(54)-C(55) 118.7(3) 
C(59)-C(54)-P(2) 121.4(2) 
C(55)-C(54)-P(2) 119.9(2) 
C(54)-C(55)-C(56) 120.4(3) 
C(57)-C(56)-C(55) 120.5(3) 
C(58)-C(57)-C(56) 119.2(3) 
C(57)-C(58)-C(59) 120.7(3) 
C(54)-C(59)-C(58) 120.4(3) 
C(65)-C(60)-C(61) 118.8(3) 
C(65)-C(60)-P(2) 118.0(2) 
C(61)-C(60)-P(2) 123.1(2) 
C(62)-C(61)-C(60) 120.1(3) 
C(63)-C(62)-C(61) 120.6(3) 
C(64)-C(63)-C(62) 119.9(3) 
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C(63)-C(64)-C(65) 120.0(3) 
C(60)-C(65)-C(64) 120.7(3) 
C(71)-C(66)-C(67) 119.0(3) 
C(71)-C(66)-P(2) 123.2(3) 
C(67)-C(66)-P(2) 117.6(2) 
C(68)-C(67)-C(66) 120.5(3) 
C(67)-C(68)-C(69) 120.2(4) 
C(70)-C(69)-C(68) 119.9(3) 
C(69)-C(70)-C(71) 120.2(4) 
C(66)-C(71)-C(70) 120.3(3) 
Cl(3)-C(80)-Cl(2) 114.2(5) 
Cl(2')-C(80')-Cl(3') 107.6(14) 
Cl(5)-C(85)-Cl(4) 115.0(3) 
Cl(6)-C(90)-Cl(7) 110.7(4) 
Cl(6')-C(90')-Cl(7') 110.1(14) 
Cl(6")-C(90")-Cl(7") 105.6(14) 
 
 
A.8. Crystal data and structure refinement for [Ru(CH=CHPyrenyl-
1)Cl(CO)(TBTD)(PPh3)2] (17)
 
 
Table A8. Crystal data and structure refinement for JWE1404. 
 
Identification code JWE1404 
Formula C65 H47 Cl N2 O P2 Ru S2, 
 2(C H2 Cl2), C2 H6 O 
Formula weight 1350.54 
Temperature 173 K 
Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 
Crystal system, space group Monoclinic, P 21/c 
Unit cell dimensions a = 17.9954(2) Å  = 90° 
 b = 15.62220(17) Å  = 110.5812(13)° 
 c = 24.0270(3) Å  = 90° 
Volume, Z 6323.54(14) Å3, 4 
Density (calculated) 1.419 Mg/m3 
Absorption coefficient 5.414 mm-1 
F(000) 2768 
Crystal colour / morphology Brown plates 
Crystal size 0.25 x 0.22 x 0.03 mm3 
 range for data collection 2.623 to 73.751° 
Index ranges -20<=h<=22, -12<=k<=18, -29<=l<=26 
Reflns collected / unique 21475 / 12194 [R(int) = 0.0249] 
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Reflns observed [F>4(F)] 10387 
Absorption correction Analytical 
Max. and min. transmission 0.843 and 0.351 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12194 / 46 / 688 
Goodness-of-fit on F2 1.054 
Final R indices [F>4(F)] R1 = 0.0359, wR2 = 0.0933 
R indices (all data) R1 = 0.0419, wR2 = 0.0971 
Largest diff. peak, hole 0.724, -0.590 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 
 
Table 2. Bond lengths [Å] and 
angles [°] for JWE1404. 
 
Ru(1)-C(35) 1.830(3) 
Ru(1)-C(1) 2.054(2) 
Ru(1)-N(21) 2.2411(18) 
Ru(1)-P(1) 2.3944(6) 
Ru(1)-P(2) 2.4196(6) 
Ru(1)-Cl(1) 2.4672(6) 
P(1)-C(48) 1.841(3) 
P(1)-C(42) 1.842(2) 
P(1)-C(36) 1.844(2) 
P(2)-C(66) 1.832(2) 
P(2)-C(60) 1.839(2) 
P(2)-C(54) 1.843(2) 
C(1)-C(2) 1.337(3) 
C(2)-C(3) 1.487(3) 
C(3)-C(4) 1.404(4) 
C(3)-C(16) 1.412(3) 
C(4)-C(5) 1.378(4) 
C(5)-C(6) 1.390(4) 
C(6)-C(17) 1.418(4) 
C(6)-C(7) 1.449(4) 
C(7)-C(8) 1.338(5) 
C(8)-C(9) 1.436(5) 
C(9)-C(10) 1.393(4) 
C(9)-C(18) 1.431(3) 
C(10)-C(11) 1.383(6) 
C(11)-C(12) 1.391(5) 
C(12)-C(13) 1.415(4) 
C(13)-C(18) 1.411(4) 
C(13)-C(14) 1.435(4) 
C(14)-C(15) 1.341(4) 
C(15)-C(16) 1.434(4) 
C(16)-C(17) 1.430(3) 
C(17)-C(18) 1.429(4) 
N(21)-C(29) 1.364(3) 
N(21)-S(22) 1.6364(19) 
S(22)-N(23) 1.615(2) 
N(23)-C(24) 1.331(4) 
C(24)-C(25) 1.427(4) 
C(24)-C(29) 1.433(3) 
C(25)-C(26) 1.349(5) 
C(26)-C(27) 1.437(4) 
C(27)-C(28) 1.375(3) 
C(27)-C(30') 1.422(8) 
C(27)-C(30) 1.508(6) 
C(28)-C(29) 1.400(4) 
C(30)-C(31) 1.379(6) 
C(30)-C(34) 1.425(7) 
C(31)-S(32) 1.669(7) 
S(32)-C(33) 1.817(6) 
C(33)-C(34) 1.552(6) 
C(30')-C(31') 1.377(8) 
C(30')-C(34') 1.423(8) 
C(31')-S(32') 1.709(7) 
S(32')-C(33') 1.793(9) 
C(33')-C(34') 1.419(9) 
C(35)-O(35) 1.141(3) 
C(36)-C(37) 1.391(4) 
C(36)-C(41) 1.393(4) 
C(37)-C(38) 1.395(4) 
C(38)-C(39) 1.368(5) 
C(39)-C(40) 1.385(5) 
C(40)-C(41) 1.390(4) 
C(42)-C(43) 1.384(4) 
C(42)-C(47) 1.391(3) 
C(43)-C(44) 1.379(4) 
C(44)-C(45) 1.379(4) 
C(45)-C(46) 1.382(4) 
C(46)-C(47) 1.377(4) 
C(48)-C(49) 1.389(4) 
C(48)-C(53) 1.404(4) 
C(49)-C(50) 1.388(4) 
C(50)-C(51) 1.374(5) 
C(51)-C(52) 1.383(5) 
C(52)-C(53) 1.383(4) 
C(54)-C(59) 1.393(4) 
C(54)-C(55) 1.396(4) 
C(55)-C(56) 1.384(4) 
C(56)-C(57) 1.389(6) 
C(57)-C(58) 1.369(6) 
C(58)-C(59) 1.396(4) 
C(60)-C(65) 1.387(4) 
C(60)-C(61) 1.403(4) 
C(61)-C(62) 1.393(4) 
C(62)-C(63) 1.379(5) 
C(63)-C(64) 1.388(4) 
C(64)-C(65) 1.391(4) 
C(66)-C(71) 1.385(4) 
C(66)-C(67) 1.398(4) 
C(67)-C(68) 1.382(4) 
C(68)-C(69) 1.383(5) 
C(69)-C(70) 1.384(5) 
C(70)-C(71) 1.386(4) 
 
C(35)-Ru(1)-C(1) 88.51(10) 
C(35)-Ru(1)-N(21) 98.38(8) 
C(1)-Ru(1)-N(21) 172.64(9) 
C(35)-Ru(1)-P(1) 90.41(7) 
C(1)-Ru(1)-P(1) 91.33(6) 
N(21)-Ru(1)-P(1) 91.22(5) 
C(35)-Ru(1)-P(2) 91.20(7) 
C(1)-Ru(1)-P(2) 84.01(6) 
N(21)-Ru(1)-P(2) 93.20(5) 
P(1)-Ru(1)-P(2) 175.03(2) 
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C(35)-Ru(1)-Cl(1) 178.24(7) 
C(1)-Ru(1)-Cl(1) 90.87(7) 
N(21)-Ru(1)-Cl(1) 82.32(5) 
P(1)-Ru(1)-Cl(1) 87.957(19) 
P(2)-Ru(1)-Cl(1) 90.38(2) 
C(48)-P(1)-C(42) 102.28(12) 
C(48)-P(1)-C(36) 105.02(11) 
C(42)-P(1)-C(36) 100.49(11) 
C(48)-P(1)-Ru(1) 114.69(7) 
C(42)-P(1)-Ru(1) 118.15(8) 
C(36)-P(1)-Ru(1) 114.27(8) 
C(66)-P(2)-C(60) 103.27(11) 
C(66)-P(2)-C(54) 104.52(12) 
C(60)-P(2)-C(54) 100.74(11) 
C(66)-P(2)-Ru(1) 112.06(8) 
C(60)-P(2)-Ru(1) 116.55(8) 
C(54)-P(2)-Ru(1) 117.88(8) 
C(2)-C(1)-Ru(1) 132.83(18) 
C(1)-C(2)-C(3) 125.0(2) 
C(4)-C(3)-C(16) 118.7(2) 
C(4)-C(3)-C(2) 119.7(2) 
C(16)-C(3)-C(2) 121.4(2) 
C(5)-C(4)-C(3) 121.6(3) 
C(4)-C(5)-C(6) 121.3(3) 
C(5)-C(6)-C(17) 118.8(2) 
C(5)-C(6)-C(7) 122.6(3) 
C(17)-C(6)-C(7) 118.6(3) 
C(8)-C(7)-C(6) 121.3(3) 
C(7)-C(8)-C(9) 121.9(2) 
C(10)-C(9)-C(18) 119.2(3) 
C(10)-C(9)-C(8) 122.6(3) 
C(18)-C(9)-C(8) 118.2(3) 
C(11)-C(10)-C(9) 120.8(3) 
C(10)-C(11)-C(12) 121.1(3) 
C(11)-C(12)-C(13) 119.7(3) 
C(18)-C(13)-C(12) 119.6(3) 
C(18)-C(13)-C(14) 118.2(2) 
C(12)-C(13)-C(14) 122.2(3) 
C(15)-C(14)-C(13) 121.6(3) 
C(14)-C(15)-C(16) 122.4(2) 
C(3)-C(16)-C(17) 119.5(2) 
C(3)-C(16)-C(15) 123.2(2) 
C(17)-C(16)-C(15) 117.3(2) 
C(6)-C(17)-C(18) 119.8(2) 
C(6)-C(17)-C(16) 120.1(2) 
C(18)-C(17)-C(16) 120.1(2) 
C(13)-C(18)-C(17) 120.4(2) 
C(13)-C(18)-C(9) 119.5(3) 
C(17)-C(18)-C(9) 120.1(3) 
C(29)-N(21)-S(22) 107.15(15) 
C(29)-N(21)-Ru(1) 130.25(15) 
S(22)-N(21)-Ru(1) 122.55(10) 
N(23)-S(22)-N(21) 99.27(11) 
C(24)-N(23)-S(22) 107.96(17) 
N(23)-C(24)-C(25) 126.9(2) 
N(23)-C(24)-C(29) 113.9(2) 
C(25)-C(24)-C(29) 119.2(3) 
C(26)-C(25)-C(24) 118.6(3) 
C(25)-C(26)-C(27) 122.7(3) 
C(28)-C(27)-C(30') 124.2(5) 
C(28)-C(27)-C(26) 119.3(2) 
C(30')-C(27)-C(26) 116.5(5) 
C(28)-C(27)-C(30) 118.6(4) 
C(26)-C(27)-C(30) 122.1(4) 
C(27)-C(28)-C(29) 119.8(2) 
N(21)-C(29)-C(28) 127.8(2) 
N(21)-C(29)-C(24) 111.7(2) 
C(28)-C(29)-C(24) 120.5(2) 
C(31)-C(30)-C(34) 111.1(5) 
C(31)-C(30)-C(27) 119.1(6) 
C(34)-C(30)-C(27) 129.8(5) 
C(30)-C(31)-S(32) 111.3(5) 
C(31)-S(32)-C(33) 101.1(3) 
C(34)-C(33)-S(32) 96.1(4) 
C(30)-C(34)-C(33) 119.8(5) 
C(31')-C(30')-C(27) 117.9(8) 
C(31')-C(30')-C(34') 109.4(6) 
C(27)-C(30')-C(34') 132.7(8) 
C(30')-C(31')-S(32') 111.5(6) 
C(31')-S(32')-C(33') 96.6(6) 
C(34')-C(33')-S(32') 101.0(8) 
C(33')-C(34')-C(30') 121.1(9) 
O(35)-C(35)-Ru(1) 178.4(2) 
C(37)-C(36)-C(41) 118.8(2) 
C(37)-C(36)-P(1) 125.2(2) 
C(41)-C(36)-P(1) 116.05(18) 
C(36)-C(37)-C(38) 120.1(3) 
C(39)-C(38)-C(37) 120.7(3) 
C(38)-C(39)-C(40) 120.0(3) 
C(39)-C(40)-C(41) 119.8(3) 
C(40)-C(41)-C(36) 120.7(3) 
C(43)-C(42)-C(47) 118.9(2) 
C(43)-C(42)-P(1) 121.83(19) 
C(47)-C(42)-P(1) 119.20(19) 
C(44)-C(43)-C(42) 120.3(2) 
C(45)-C(44)-C(43) 120.8(3) 
C(44)-C(45)-C(46) 119.1(3) 
C(47)-C(46)-C(45) 120.5(3) 
C(46)-C(47)-C(42) 120.4(3) 
C(49)-C(48)-C(53) 118.4(2) 
C(49)-C(48)-P(1) 120.8(2) 
C(53)-C(48)-P(1) 120.77(19) 
C(50)-C(49)-C(48) 120.7(3) 
C(51)-C(50)-C(49) 120.3(3) 
C(50)-C(51)-C(52) 119.9(3) 
C(53)-C(52)-C(51) 120.3(3) 
C(52)-C(53)-C(48) 120.4(3) 
C(59)-C(54)-C(55) 118.2(3) 
C(59)-C(54)-P(2) 121.1(2) 
C(55)-C(54)-P(2) 120.7(2) 
C(56)-C(55)-C(54) 120.9(3) 
C(55)-C(56)-C(57) 120.3(4) 
C(58)-C(57)-C(56) 119.3(3) 
C(57)-C(58)-C(59) 121.0(3) 
C(54)-C(59)-C(58) 120.2(3) 
C(65)-C(60)-C(61) 119.1(2) 
C(65)-C(60)-P(2) 118.92(19) 
C(61)-C(60)-P(2) 121.7(2) 
C(62)-C(61)-C(60) 119.9(3) 
C(63)-C(62)-C(61) 120.4(3) 
C(62)-C(63)-C(64) 120.0(3) 
C(63)-C(64)-C(65) 120.0(3) 
C(60)-C(65)-C(64) 120.6(3) 
C(71)-C(66)-C(67) 119.1(2) 
C(71)-C(66)-P(2) 123.3(2) 
C(67)-C(66)-P(2) 117.41(19) 
C(68)-C(67)-C(66) 120.0(3) 
C(67)-C(68)-C(69) 120.8(3) 
C(68)-C(69)-C(70) 119.3(3) 
C(69)-C(70)-C(71) 120.4(3) 
C(66)-C(71)-C(70) 120.4(3) 
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Appendix B: Miscellaneous data for Chapter 2 
 
Figure B.1 Spectra of complexes 1-4 in presence of increasing concentrations of SO2 
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Figure B.2 Mass Spectra (ES-MS) of complex 2 treated with 0.1 mL (top) and 0.5 mL (bottom) of 
SO2 (region of m/z above 1200 magnified in the inset). 
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Figure B.2 Mass Spectra (ES-MS) of complex 2 treated with excess of SO2 (region of m/z above 
1200 magnified in the inset). 
 
 
 
 
 
 
 
 
 
Figure B.3 1H NMR spectra of complex 1 treated with increasing concentrations of SO2 
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Figure B.4 31P NMR spectra of complex 1 treated with increasing volumes (0, 0.2, 0.5, 0.75, 1 mL) of 
SO2. 
 
 
31
 P Area of the signals 
Volumes 
of SO2 / 
mL 
53.4 (s) 51.1 (s) 37.6 (d) 33.6 (d) 30.9 (s) 26.4 (d) 23.5 (d) -5.2 (s) 
0 0 0 0 0 1 0 0 0 
0.05 0 0 0 0 0.988 0 0 0.011 
0.1 0 0 0 0 0.939 0 0 0.062 
0.15 0.012 0.007 0  0 0.936 0 0 0.073 
0.2 0.013 0.012 0.014 0.022 0.809 0.016 0.019 0.086 
0.25 0.100 0.069 0.093 0.085 0.266 0.081 0.093 0.158 
0.5 0.107 0.076 0.135 0.091 0.238 0.093 0.113 0.164 
0.75 0.129 0.094 0.159 0.125 0.138 0.122 0.152 0.219 
1 0.138 0.096 0.163 0.137 0.089 0.124 0.158 0.234 
 
Figure B.5  Integration values of the principal peaks in 31P NMR of complex 1 (in reference to Figure 
B.4) towards increasing volumes (0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, 0.75, 1 mL) of SO2.  
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Figure B.6 Integration values of the principal peaks in 31P NMR of complex 1 (in reference to Figure 
B.4 and B.5) towards increasing volumes (0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, 0.75, 1 mL) of SO2. 
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Appendix C: Miscellaneous data for Chapter 3 
Dr. María Moragues Pons is acknowledged for the kind help in the collection of these data. 
 
 
 
 
 
 
 
 
Figure C.1 Diffuse Reflectance spectra of complexes 6, 7, 8, 13 in the presence of increasing 
concentrations of carbon monoxide 
 
 
 
 
 
 
 
 
Figure C.2 Diffuse Reflectance spectra of complexes 9, 10, 11, 12 in the presence of increasing 
concentrations of carbon monoxide 
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Screening of possible interferents 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.3 Diffuse Reflectance spectra of selected complexes 6 (left) and 12 (right) with gaseous 
interferents and VOCs. 
Figure C.4 (Left) Diffuse reflectance spectrum of complex 6 in presence of increasing amount of 
acetonitrile; (Right) the graph shows the detection limit of complex 6 towards acetonitrile, which is 
the minimum amount of acetonitrile needed to induce complex 6 to change colour. 
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Determination of Detection Limits 
Figure C.5 Limit of detections for complexes 5 − 13 calculated by a graphical method using diffuse 
reflectance data obtained at increasing concentrations of CO. 
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Figure C.6 Monoexponential decays of complex 11 and 2-methoxy-6-naphthyl acetylene. The values 
of the two fluorescence lifetimes of 10 and 0.9 ns respectively are obtained by fitting of the decays 
with a monoexponential function. The measurements were performed on dichloromethane solutions 
of the compounds at 10-5 M concentration. 
 
 
Determination of Quantum Yields of TBTD and Complex 14 
 
The fluorescence Quantum Yields (QYs) of the TBTD and complex 14 were calculated 
according to the comparative method
 A1
 by employing the following formula:  
         
     
      
  
  
 
   
   
where η the refractive index of the solvent and GradX and GradST are the gradient from the 
plot of integrated fluorescence intensity vs absorbance for the compound X (TBTD or 
complex 14) and the standard (ST). The QY of TBTD was measured in ethanol solution 
whereas complex 14 was dissolved in a dichloromethane/ethanol mixture (2 : 98) at the 
concentrations of 10
-5
, 0.9·10-5, 0.8·10
-5
, 0.5·10
-5
 and 0.3·10
-5
 M.  
In order to minimise re-absorption effects,
A3
 the absorbance values in the 10 mm 
fluorescence cuvette should never exceed 0.1 at the excitation wavelength. 
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Moreover, being the quantum yields measured in the same solvent (ethanol), it was assumed 
that η
 
  η
  
  and therefore  
  
 
   
  = 1. The solutions were thoroughly degassed with nitrogen 
before use. 
 
General Experimental Considerations: 
The comparative method of William et al.
A1
 is based on the assumption that solutions of 
different samples with identical absorbance at the same excitation wavelength absorb the 
same number of photons. Thus, a simple ratio of the integrated fluorescence intensities of the 
solution of a selected standard and a generic sample (recorded under identical conditions) 
affords the ratio of the quantum yield values. 
The standard sample perylene (ΦST = 0.92 in ethanol)
A2
 was chosen because its absorption 
and emission properties are similar to the samples TBTD and complex 14. In fact, it absorbs 
at the excitation wavelength of choice (λexc = 375 nm), and emits in a similar spectral region 
to the TBTD and complex 14. Cuvettes. Standard quartz 10 mm path length fluorescence 
cuvettes (Hellma, 1750 μL) were used.  
A1. A. T. R. Williams, S. A. Winfield and J. N. Miller, Analyst, 1983, 108, 1067. 
A2 A. M. Brouwer, Pure Appl. Chem., 2011, 83, 2213–2228. 
A3. S. Dhami, A. J. de Mello, G. Rumbles, S. M. Bishop, D. Phillips and A. Beeby, Photochem. 
Photobiol., 1995, 61, 341.  
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Figure C.7 Top: Emission and absorption spectra of perylene in ethanol and extrapolated absorbance 
vs intensity linear correlation. Bottom: absorbance vs intensity linear correlation for TBTD and 
complex 14. 
 
QY(TBTD) = 0.27  QY(14) = 0.047 
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Chromo-fluorogenic response towards CO using the TBTD series 
 
Figure C.9 Fluorescence emission spectra of selected complexes possessing only the TBTD 
fluorophore (14), and with dual fluorophores (16, 18).  
 
Figure C.10 Diffuse reflectance and fluorescence emission spectra as powders of complex 17 and the 
corresponding graphs of intensity in function of the concentration of CO. 
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Description of the Gas Mixing Apparatus 
 
 
 
 
 
 
 
 
 
 
Figure C.11 Schematic representation of the gas-mixing equipment used to carry out the experiments 
with carbon monoxide. Two cylinders, of CO and Ar, are connected to the gas chamber via a gas 
mixer, which allows control over the rate of the gas streams. Into the sealed gas chamber, the ambient 
CO analyser (Testo, Cabrils) measures the content of CO in ppm and allows different CO/Ar mixtures 
to be achieved where the CO content is known. From the gas chamber, the gas mixture is passed in a 
controlled manner to a container from which the aliquots of CO/Ar are taken and used in the CO 
titration experiments. 
 
Gas and vapour generation protocols 
The following protocols were used to generate the gases necessary to perform the screening 
of interferents. For the generation of all gases (except for CO), the reagents were mixed 
together in a 1000 mL round-bottom flask equipped with a rubber septum. 
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SO2 generation 
0.1 g (1.5736·10
-3 
mol) of Cu (s) [Copper powder] reacts with 1 mL of H2SO4 (96%) (in 
excess) at high temperatures to form 38450 ppm sulfur dioxide.  
 
Cu (s) + 2 H2SO4 (aq, 96%) → CuSO4 (aq) + 2 H2O (l) + SO2 (g) 
 
 
NOx generation 
0.0692 g (1.0889·10
-3
 mol) of Cu (s) [Copper powder] reacts with 1 mL of HNO3 (69.5%) to 
generate approximately 53210 ppm of NO2. In the same manner, 0.3183 g (5.0087·10
-3
 mol) 
of Cu (s) [Copper powder] is reacted with 2.85 mL of HNO3 (20.85%) under argon 
atmosphere. Prior to the addition of the acid it is very important that the flask had been 
flushed with argon for several minutes in order to avoid NO oxidation. In this manner, 
approximately 81590 ppm of NO are generated. Although the reaction is conducted in inert 
atmosphere, some NO2 may still form. 
 
Cu (s) +  2HNO3 (aq, 69.5%) → Cu(NO3)2 (aq) + H2O (l) + NO2 (g) + NO(g) 
 
3Cu (s) + 8HNO3 (aq, 20.85%) → 3Cu(NO3)2 (aq) + 4H2O (l) + 2NO (g)                                                                     
 
       
Figure C.12 Glassware set up for the generation of gases. The reactants are mixed  
carefully in the reactant flask and the temperature is increased. The generated gases 
pass through a water-filled bubbler and are then collected into a flash fitted with a 
rubber septum. Aliquots of gases are collected with the use of a syringe and used in 
the interferent experiment. 
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0.227 g (2.2729·10
-3
 mol) of CaCO3 (s) reacts with 1 mL of HCl (1 M) to generate 55541 
ppm of CO2 
 
Volatile organic compound (VOCs) vapours were generated by warming up the VOC to 
evaporation. A 1 L flask fitted with a rubber septum was used. All these manipulations were 
performed in a fume hood. 
 
 
Appendix D: Miscellaneous data for Chapter 4 
 
Figure D.1 Fluorescence emission of complex 22 and of compound 22 in the presence of tryptophan, 
imidazole, NOx and in the presence of 200 ppm of CO.  
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Viability Tests - Data Analysis 
1 hour incubation 3 hour incubation 
 
 
 
Figure D.2 Viability of HeLa cells incubated for 1 and 3 hours with complexes 22, 23 and TBTD. 
Appendices                                                                                                                   Chapter 6 
 
203 
 
  
24 hour incubation      72 hour incubation 
 
Figure D.3 Viability of HeLa cells incubated for 24 and 72 hours with complexes 22, 23 and TBTD. 
 
 
